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ABSTRACT 
The Yellow Aster Complex in northwest Washington is a basement portion of the Chilliwack 
composite terrane and appears throughout the western foothills of the North Cascades as fault 
bounded tectonic blocks (Brown, 1987; Brown et al. 2010). This study was undertaken in 
part to refine and understand the significance of the depositional, magmatic, and 
metamorphic history of the Yellow Aster Complex. Field work and petrographic analyses 
reveal that the Yellow Aster Complex consists of calc-silicate and quartzo-feldspathic 
paragneisses with minor amounts of marble and quartzite. Leucocratic and mafic intrusions 
are also present throughout the terrane. Zircons from six Yellow Aster Complex samples 
were dated using U-Pb in order to evaluate the detrital provenance of the terrane. Sampling 
was conducted at two areas: Schriebers Meadow and Yellow Aster Butte. Two meta-
sedimentary samples (YA-5, EAH-39) contain a range of Mesoproterozoic to Archean 
detrital zircon ages and younger grains from the Early Paleozoic. Sample YA-5 has two 
young peaks at 417 ± 3 Ma and 402 ± 7 Ma, while EAH-39 has a broad peak at ~428 Ma. 
Two other quartzose calc-silicate paragneisses have peak ages of 409 ± 5 (EAH-10b), 405 ± 
4 Ma (EAH-11), and 386 ± 5 Ma (EAH-11). Sample EAH-03 is a pyroxene calc-silicate 
paragneiss with peak ages of 403 ± 8 Ma and 389 ± 6 Ma. Samples EAH-39 and YA-5 
contain zircon ages within the North American magmatic gap (1.61-1.49 Ga) and Early 
Paleozoic (500-400 Ma) which are not consistent with ages from western North America, but 
rather similar to Baltica and the exotic Early Devonian Karheen Formation (Alexander 
terrane; northwest British Columbia – southeast Alaska). Peak ages from samples EAH-03, -
10b and -11 are thought to be from grains locally derived from magmatic sources.  Previous 
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work (Brown et al. 2010) concluded that the Yellow Aster Complex has similarities to parts 
of the Yukon-Tanana terrane, which has a western Laurentian affinity. Characteristics of 
detrital zircon populations with a western Laurentian affinity include a significant number of 
1800 Ma grains, no grains from the North American magmatic gap, and few grains younger 
than 1000 Ma. In addition, Brown et al. (2010) identified two intrusions with ages of 418 Ma 
and 409 Ma, and suggested the occurrence of a pre-418 Ma metamorphic event. Based on the 
new detrital zircon ages of this study, the Yellow Aster Complex experienced sedimentation 
after 418 Ma and metamorphism after 386 Ma. The overall geology, paired with new zircon 
ages, suggests that the Yellow Aster Complex may have evolved from both Baltic and 
western Laurentia sourced detritus. This study also concludes that Baltic and western 
Laurentian sources preserved in the Yellow Aster Complex may have been caused by terrane 
amalgamation or sharing of a depositional basin prior to the formation of younger 
components of the Chilliwack composite terrane.  
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Introduction 
 
 The accreted terranes that make up parts of the North American Cordillera have exotic 
and local affinities (Figure 1). Some of the terranes are thought to have originated on or near 
Baltica (e.g. Alexander terrane; Colpron and Nelson, 2009), and evidence of pre-accretionary 
interactions between terranes can add significant details to the understanding of terrane 
mobility and paleogeography. In northwest Washington, the Chilliwack composite terrane 
(Figure 2) is broadly correlated with peri-Laurentian terranes of the northern Cordillera 
(Brown et al. 2010). Previous studies (e.g. Brown et al. 2010) have suggested that the 
basement of the composite terrane, the Yellow Aster Complex, has similarities to the oldest 
parts of the peri-Laurentian Yukon-Tanana terrane while younger units (e.g. East Sound 
Group) may have an exotic source similar to the Alexander terrane (Figure 1). Using detrital 
zircon geochronology, petrography, regional structural geology, and field data, this thesis 
investigates the origin and evolution of the Yellow Aster Complex (Figure 2) and proposes 
that the Yellow Aster Complex has detrital sources from both western Laurentia and exotic 
regions.  
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Figure 1. Terrane map of the North American Cordillera. Terranes are grouped based on 
faunal affinity and/or source region in Early Paleozoic time (from Colpron and Nelson, 2009). 
Figure also includes continental map showing the major orogens. Study area located in 
Washington. The Chilliwack composite terrane of Brown et al. (2010) is included as part of 
the Stikinia terrane. Terrane abbreviations: AA=Arctic Alaska terrane, AX=Alexander 
terrane, B.C.=British Columbia, CA=California, KB=Kilbuck terrane, NV=Nevada, 
OK=Okanagan terrane, OR=Oregon, QN=Quesnellia terrane, RB=Ruby terrane, 
RT=Richardson trough, SF=Shoo Fly complex, SM=Slide Mountain terrane, ST=Stikinia 
terrane, USA=United States of America, WM=Windy–McKinley terrane, WR=Wrangellia 
terrane, YR=Yreka and Trinity terranes, YSB=Yukon Stable Block, YT=Yukon–Tanana 
terrane 
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 Figure 2. Geologic map and cross section of the northwest Cascades thrust system and San 
Juan Islands. Modified from Brown et al. (2010). Explanation of map and cross section 
abbreviations:  BP=Bell Pass Mélange, CCC=Cascade crystalline core, CH=Chilliwack 
Group, CN=Chuckanut Formation, CO=Constitution Formation, CPC=Coast Plutonic 
Complex, CZ=Cenozoic deposits, EM=Easton Metamorphic Suite, ES=East Sound Group, 
GA=Garrison Schist, HH=Helena-Haystack Mélange, HS=Haro and Spieden formations, 
HZ=Hozameen Group, Kg= Cretaceous granite, LM=Lummi Formation, LS=Lopez 
Structural Complex, NA=Nanaimo Group, NK=Nooksack Formation, OC=Orcas Chert 
terrane, Q=Quaternary deposits, TB=Turtleback Complex, Tg=Tertiary granite, TS=Twin 
Sisters Dunite, VC=Vedder Complex, WM=Western Mélange, WR=Wrangellia, YA=Yellow 
Aster Complex. 
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Geologic Setting 
 
Laurentia in the Paleozoic 
The cratonal basement of Laurentia contains rocks of Proterozoic to Archean age, 
while the margins are composed of younger orogenic belts that include the Appalachians, 
Caledonides, and Cordillera (Figure 1 inset). The Appalachians and Caledonides represent an 
extensive belt that began forming in the Ordovician and stretch from the southeastern margin 
of Laurentia up to present day Greenland, Scotland, and Scandinavia (Bird and Dewey, 1970; 
Cawood et al. 2007). Dominating much of the western margin of the continent, the Cordillera 
preserves an assortment of continental margin rocks and terranes which began accreting to the 
continent during Late Devonian-Early Missisppian time (Dickinson, 2004). 
The North American Cordillera records a long history of plate margin evolution and 
continental growth. The orogenic belt preserves numerous accreted terranes (Figure 1). 
During Late-Neoproterozoic time until the early Paleozoic, the western margin of Laurentia 
was passive and accumulated thick deposits of miogeocline sediments. Outboard of the 
miogeocline, the Intermontane superterrane is made up of peri-Laurentian arcs that formed 
during the mid-Paleozoic (Nelson et al. 2006). Some of these arcs include the Yukon-Tanana, 
Stikinia, and Quesnellia terranes (Figure 1). Two oceanic terranes in the Intermontane region 
of the Cordillera are preserved as well. The Slide Mountain terrane preserves Mississippian- 
to Triassic-age sediments and lies east of the mid-Paleozoic terranes and west of the 
miogeocline (Colpron et al. 2007) (Figure 1). A second oceanic terrane, the Cache Creek 
terrane, formed outboard of peri-Laurentian arcs during Mississippian to Jurassic time 
(Orchard et al. 2001).  
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A series of exotic terranes that migrated from Arctic, Iapetan, and Panthalassic regions 
were also present as peri-Laurentian arcs evolved, and now lie outboard of the peri-Laurentian 
and Intermontane terranes. Terranes of the Arctic realm (Figure 1) are thought to have 
Baltican and Siberian affinities based on detrital zircon, paleomagnetic, and paleo-faunal 
evidence (Gehrels et al. 1996; Butler et al. 1997; Soja and Krutikov, 2008). These terranes 
commonly contain zircons with ages that fall within the North American magmatic gap (1.49-
1.61 Ga; Schmus et al. 1993), a period of no magmatic activity in North America. The 
pathway these exotic terranes followed remains debated, however, terranes are suggested to 
have followed either a southern or northern route around Laurentia (e.g. Wright and Wyld, 
2006; Colpron and Nelson, 2009). The Late Silurian locations of the terranes is suggested by 
Colpron and Nelson (2011) to be  along the northern Baltica margin (ranging from 
approximately 5-25° N latitude), however, Cocks and Torsvik (2011) argued that these 
terranes had paleo-positions located north of Laurentia between 20-35° N latitude and that the 
Alexander terrane originated separately from Laurentia.      
Northwest Washington 
The San Juan Islands – North Cascades thrust system of northwest Washington is 
composed of four nappes that are lithologically different and formed independently from one 
another (Brown, 2012) (Figure 2). The Paleozoic Chilliwack composite terrane is the lower 
structural component in the series, while other nappes (Orcas, Shuksan, Haystack) contain 
rocks that are Permian to Cretaceous age (Brandon et al. 1988; Brown, 2012). The other 
nappes are composed of mélange complexes, ophiolite, and oceanic- and arc-related rocks 
that were partly metamorphosed under HP-LT conditions prior to emplacement in the 
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Cretaceous (Brown, 2012). To the north and west, the thrust system overlies part of the 
Wrangellia terrane and Coast Plutonic Complex. Mélange belts to the south contain 
lithologies and Mesozoic age rocks similar those found in the thrust system. Cenozoic 
volcanic rocks of the Columbia embayment cover the Mesozoic assemblages farther to the 
south. The eastern margin of the thrust system is flanked by the Cascade crystalline core 
(Figures 2). Detached from their original origin, the nappes of the thrust system are 
considered to have originated somewhere between western North America and Wrangellia 
(Brown and Gehrels, 2007).   
The Yellow Aster Complex is interpreted as part of the basement of the Chilliwack 
composite terrane and is composed of paragneisses and intrusions (Brown et al. 2010). New 
U-Pb zircon data from the Yellow Aster Complex suggest a possible connection to parts of 
the exotic Alexander terrane and Baltica. This evidence conflicts with previous studies of the 
Yellow Aster Complex (e.g. Brown et al. 2010), and suggests that parts of the terrane may 
have originated outside the margin of western Laurentia.  
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Statement of Problem 
 The origin and tectonic history of the Yellow Aster Complex is unresolved. This study 
was undertaken in part to understand the significance and history of the Chilliwack composite 
terrane (as defined by Brown et al. 2010). Fieldwork conducted at two sites, assisted by 
petrographic and geochronology analyses, adds new evidence for interpreting the history of 
the Yellow Aster Complex. U-Pb detrital zircon analyses provide information about ancient 
sedimentary basins, source of detritus, and timing of deposition. Magmatic zircon ages 
constrain timing of important regional tectonic events. New analyses address the following: 
 Age constraints for sedimentation, deformation, magmatism, and 
metamorphism.  
 The significance of multiple detrital zircon populations within the Yellow 
Aster Complex. 
 The regional correlations and terrane origin of the Yellow Aster Complex.  
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Previous Work:  Yellow Aster Complex 
The Yellow Aster Complex consists of fault-bounded tectonic blocks or slices that 
crop out in multiple areas in the Mount Baker vicinity within the San Juan Island – North 
Cascades Thrust System (Figure 2).  In earlier years, authors defined the Yellow Aster 
Complex as an orthogneiss having some connection to the North Cascades metamorphic suite 
or continental basement (e.g., Misch, 1966; Mattinson, 1972). Blackwell (1983) assumed a 
correlation between the paragneiss in the Schriebers Meadow area with that around Yellow 
Aster Butte. The work of Brown (1987) described the Yellow Aster Complex as an older 
paragneiss with lower to middle Paleozoic intrusives. Later authors (e.g. Rasbury and Walker, 
1992; Tabor et al. 2003) identified pyroxene, quartzose and calc-silicate paragneisses with 
orthogneiss and unfoliated intrusives. Typically, paragneisses are completely recrystallized, 
but some detrital textures are preserved. The protoliths have been interpreted as quartzose – 
arkosic sands and carbonates which were deposited on a passive margin (Brown and 
Dragovich, 2003; Brown et al. 2010).  
Cross-cutting the paragneisses is a suite of intrusive rocks. Although orthogneiss is 
present, undeformed intrusions have been documented more frequently (e.g. Blackwell, 1983; 
Sevigny, 1983; Brown et al., 2010). These undeformed intrusions comprise a wide range of 
compositions and grain sizes. Leucogranite has been found in multiple areas cross-cutting 
older paragneisses. A younger set of intrusions, predominately mafic to andesitic hypabyssal 
dikes, cross-cut paragneiss and leucocratic rocks. Intrusions of tonalitic to gabbroic 
composition having ages ranging from 418-375 Ma (Latest Silurian to Late Devonian) have 
led Brown et al. (2010) to propose the Yellow Aster Complex is correlative to the Turtleback 
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Complex in the San Juan Islands. A Yellow Aster – Turtleback correlation was previously 
suggested by Brandon et al. (1988) based on rock compositions and comparison of Turtleback 
Complex ages with discordant U-Pb zircon dates from the Yellow Aster and Turtleback 
complexes (Mattinson, 1972; Whetten et al. 1978). The Yellow Aster and Turtleback 
complexes are interpreted as the basement for correlated younger units (Chilliwack and East 
Sound groups; Devonian to Permian) in the newly proposed Chilliwack composite terrane 
(Brown et al. 2010) (Figure 3). Permian-age hypabyssal intrusions in the Yellow Aster and 
Turtleback complexes are also widespread throughout the younger East Sound Group 
(Brandon et al. 1988). The emplacement of these hypabyssal intrusions may have coincided 
with metamorphism of the Turtleback Complex (Brandon et al. 1988). 
Early studies conducted around Yellow Aster Butte (Misch, 1966; Mattinson, 1972) 
suggested that Yellow Aster Complex gneisses had undergone amphibolite-facies 
metamorphism (possibly granulite-facies), but later workers (Brown et al., 1981; Sevigny, 
1983) concluded that a lower amphibolites-facies metamorphism with a greenschist overprint 
was more evident. Interpretation of a concordant U-Pb date from sphene grains in a gneiss 
indicated a metamorphic age to be about 415 Ma (Mattinson, 1972). Brown et al. (1981) 
suggested the amphibolite-facies metamorphism based on an assemblage of Fe-bearing 
garnet, biotite, altered Ca-bearing plagioclase, and clinopyroxene (diopside). The greenschist-
facies overprint was identified based on occurrences of albite, actinolite, epidote, and chlorite 
(Sevigny, 1983). This overprint has been attributed to a second orogenic event (Sevigny, 
1983), or hydrous recrystallization related to igneous cooling (Brown et al. 2010).  
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Figure 3. Schematic diagram of the Chilliwack composite terrane with proposed correlations 
between the North Cascades and San Juan Islands. From Brown et al. (2010). 
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Methods and Procedures 
Field work was conducted at Schriebers Meadow and Yellow Aster Butte in the 
summer and early fall of 2011. Field observations provide information about structural 
relations and relative ages of paragneiss and intrusive rocks. Rock sampling was conducted 
for petrography and U-Pb zircon geochronology. Appendix A1 contains a list of all samples 
collected.  
Hand samples were collected to establish which outcrops would provide adequate sites 
for the U-Pb geochronology analysis and for petrographic studies. For geochronology 
samples, approximately 10-15 kg of paragneiss and 5-10 kg of intrusive rock were collected. 
It was important that samples did not get contaminated, so fresh samples were broken down 
and packaged at each locality.  
Two research locations were selected for this study. Near Yellow Aster Butte, samples 
EAH-34 and EAH-39 were sourced directly from outcroppings. Due to easier access, 
availability, and clarity of exposure at Schriebers Meadow, samples EAH-03, EAH-10b, and 
EAH-11 were sourced from a boulder field below a large cliff composed of Yellow Aster 
Complex. A sixth sample (YA-5) collected by Ned Brown was from a road cut along USFS 
road 13 near Schriebers Meadow and was analyzed prior to this study, but after the 
publication of Brown et al. (2010).  
U-Pb zircon geochronology was conducted on detrital and magmatic zircons from four 
paragneisses (three from Schriebers Meadow and one from Yellow Aster Butte) and one 
intrusive rock (from Yellow Aster Butte). Zircon separation was done at Western Washington 
University using traditional methods of crushing and grinding, followed by separation with a 
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gold table, a Frantz magnetic separator, and heavy liquids. Mineral separation was conducted 
so that all zircons were concentrated within the final heavy mineral fraction. Final mineral 
separation and preparation involved further Frantz magnetic separation, hand picking of 
igneous samples, and zircon mounting done by University of Arizona LaserChron Center 
staff. For each U-Pb geochronology analysis, approximately 100 detrital zircons and 25 
magmatic zircons were randomly selected. Fragments of Sri Lanka zircons were used as 
standards (563.5 ± 3.2 Ma, 2σ error, Gehrels et al. 2011). Prior to dating, cathodal-
luminescence imaging was performed to assess the complexity of zircons by detecting cores 
and rims (if present).  
  At the University of Arizona’s LaserChron Center (Tuscon, Arizona), U-Pb 
geochronology was performed using laser ablation-inductively coupled plasma-mass 
spectrometry (LA-ICP-MS) using methods of Gehrels et al. (2008) and Johnston et al. (2009). 
Analyses involved ablating zircons with a Photon Machines Analyte G2 excimer laser using a 
spot diameter of 30 microns. Zircon grain size is typically on order of 100-200 microns. 
Ablated material was carried in helium gas into a plasma source of the Nu HR ICPMS, 
allowing U, Th, and Pb isotopes to be measured at the same time.  
During each analysis the errors in determining 206Pb/238U and 206Pb/204Pb result in a 
measurement error of ~1-2% (at 2-sigma level) in the 206Pb/238U age. The measurement errors 
of 206Pb/207Pb and 206Pb/204Pb also result in ~1-2% (at 2-sigma level) uncertainty in the 
206Pb/207Pb age for grains that are >1.0 Ga. These errors are larger for younger grains due to 
low amount of 207Pb signal. Most samples experience a cross-over in precision of 206Pb/238U and 
206Pb/207Pb ages at ~1000 Ma (Gehrels et al. 2008). Ages that are less than 1000 Ma are 
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reported as 206Pb/238U ages, and ages greater than 1000 Ma are reported as 206Pb/207Pb ages. 
Common Pb correction was carried out using the measured 
204
Pb and assuming an initial Pb 
composition from Stacey and Kramers (1975) (with uncertainties for 
206
Pb/
204
Pb of 1.0 and 
for 
207
Pb/
204
/Pb of 0.3). 
All samples were analyzed using a 20% discordant and 5% reverse discordant filter 
and grains that exceeded the filter were not used for further analysis. The 20% discordance 
filter is a recommendation from the Arizona LaserChron Center (Gehrels et al. 2008). Data 
reduction and peak age calculations were carried out using Age Pick (Gehrels, 2009). 
Interpreted ages are shown on relative age-probability plots using Isoplot (Ludwig, 2003) and 
display a single curve representing ages with two sigma errors as a normal distribution and 
summation. Maximum depositional ages were interpreted by identifying the youngest cluster 
of grains (three grains or more) from a probability plot and using the calculated peak as the 
most reliable age. Peaks were initially identified by producing probability plots and then 
scaling the x-axis to examine a cluster of grains. A cluster was further defined by grains of 
similar age with overlapping errors that statistically fit with the mean square weighted 
deviation (MSWD). Grains that cluster and are consistent with precision should have a 
MSWD ≤1, while MSWD >1 suggests grains are not all of the same true age (Gehrels et al. 
2008). Depending on the sample and the population size, acceptable MSWD can range 
between 0.2-2.2 (Wendt and Carl, 1991), but higher MSWD (e.g. >3.0) can become 
unreliable. Some samples analyzed during this study contain grains younger than the 
interpreted maximum depositional age, but these grains were not considered because they are 
statistically outside the cluster. Additional analysis included Kolmogorov-Smirnoff (K-S) 
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testing which compared detrital zircon populations to determine whether or not samples are 
statistical different (procedures of Guynn and Gehrels, 2010). Period and epoch ages for all 
figures and text are referenced from Walker et al. (2012).   
It should be noted that Brown et al. (2010) used a discordance filter of 30% (versus 
20% discordance filter for this study). Reanalysis using a tighter filter produced peak ages that 
are within error of the original weighted mean ages calculated by Brown et al. (2010) and 
allows the reader to compare grains analyzed using a consistent discordance filter. This thesis 
references the original ages published by Brown et al. (2010).  
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Field Site Geology - Schriebers Meadow 
 In the Schriebers Meadow area located on the south flank of Mount Baker, a cliff 
along Survey Point preserves parts of the Yellow Aster Complex in the upper Bell Pass 
mélange (Figure 4) (this is one of the sites studied by Brown et al. 2010). The study area 
consists of a boulder field below the cliff where meter-scale boulders are fresher and more 
accessible than what is exposed above (Figure 5) (Appendix B1). The boulders contain a 
variety of rock types that show cross cutting relations. Outcrops along the cliff consist mainly 
of mafic and intermediate hypabyssal rock. Based on field observations and thin section 
analysis, the Yellow Aster Complex at the Schriebers Meadow locality consists of quartzose 
calc-silicate gneiss, pyroxene calc-silicate gneiss, marble, and minor quartzite. Leucocratic, 
intermediate, and mafic intrusive rocks are present as well. 
 Most commonly present is quartzose calc-silicate gneiss which contains continuous 
quartz- and plagioclase-rich layers alternating with more mafic layers. These layers define 
millimeter-scale mylonitic to gneissic foliation with mineral alignment. Quartz is in places 
observed as millimeter to centimeter thick ribbons. Calc-silicate gneiss is also interbedded 
with dark grey marble and quartzite (Figure 6). Contacts between these lithologies are abrupt 
with no visible gradation.  
A second variety of gneiss is pyroxene calc-silicate gneiss (Figure 7). This variety was 
originally interpreted in the field as orthogneiss based on composition and textures (Figure 
7b). It has finer foliation layers (≤2 mm), contains abundant dark (mafic) minerals, and is 
commonly less siliceous compared to the quartzose calc-silicate gneiss. It also appears  
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Figure 4. Locality and geologic map (top) of the Schriebers Meadow area with cross section 
A-A’ (bottom), modified from Tabor et al (2003). Refer to Table 1 and Appendix 1for all 
sample locality information. Formation abreviations:  bu=Ultramafic rocks, bv=Vedder 
Complex, byag=Yellow Aster Complex gneissic, byan=Yellow Aster Complex non-gneissic, 
GEX=Glacier Extensional Fault, KJb=Bell Pass melange, JTC= Cultus Formation, 
PDc=Chilliwack Group, PDcl=Mid-Late Paleozoic limestone and marble, Qam-Ql-
Qt=Quaternary deposits, Qbbb-Qbm-Qbpb-Qbsc-Qbv=Mount Baker volcanics, WPT=Welker 
Peak Fault.  
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Figure 5. Photograph of the boulder field (background) below Survey Point where field work 
was conducted near Schriebers Meadow. Boulder field is composed of Yellow Aster Complex 
rock. Image is looking northwest. Photograph courtesy of Ned Brown. 
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Figure 6. Block of quartzose calc-silicate gneiss with marble contact. Marble is above the 
hammer. Hammer is 38 cm long. Photo taken from the Schriebers Meadow field area. 
22 
 
  
Figure 7. Cut and polished samples of pyroxene calc-silicate gneiss. A) Sample EAH-05; 
notice the quartz ribbon in the center-left portion of sample. B) Sample EAH-03; shows a 
more homogenous fabric compared to quartzose calc-silicate paragneiss.   
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relatively homogeneous at outcrop-scale. This gneiss is observed in lesser amounts compared 
to the quartzose calc-silicate rock. Contacts between the two gneisses are parallel to foliation 
in both lithologies and are interpreted as pre-metamorphic (Figure 8). One sample (EAH-08) 
contains alternating fine-grained calc-silicate and quartz-rich layers 1-2 centimeters thick 
(Figure 9). 
 Leucocratic (Figure 8 and 10) and mafic igneous rocks (Figure 11) intrude the gneissic 
rocks. The intrusions are centimeter- to meter-scale and form irregular- to lens-shaped bodies. 
Some leucocratic intrusions are observed cross-cutting foliation (Figure 12), while others are 
parallel to adjacent compositional layering. The intrusions appear to post-date metamorphism 
based on fragmented and foliated wall-rock preserved within the intrusion (Figure 13; Brown 
et al. 2010). However, leucocratic intrusions are moderately altered and sometimes show 
deformed quartz ribbons that are parallel to foliation (Figure 10) and plagioclase altered to a 
pale green color (Figure 14). Non-foliated hypabyssal intrusions with mafic to intermediate 
compositions are primarily fine-grained or porphyritic, containing feldspar phenocrysts. The 
non-foliated intrusions cross-cut gneissic and leucocratic rocks.  
 
 
24 
 
 
Figure 8. Contact between pyroxene and quartzose calc-silicate gneisses. A leucocratic 
intrusion is also present. 
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Figure 9. Cut and polished sample of pyroxene calc-silicate gneiss (EAH-08) with fine-
grained quartz-rich layers (dark layers).  
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Figure 10. Pyroxene calc-silicate gneiss intruded by a deformed leucocratic intrusion from 
Schriebers Meadow (sample EAH-06). Same contact as seen in Figure 7.  
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Figure 11. Thin layered gneissic texture of calc-silicate gneiss with a cross-cutting mafic dike. 
Center right part of photo shows stretched quartz-rich layer.   
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Figure 12. Outcrop photo (left) and overlay drawing (right) of a folded pyroxene calc-silicate 
gneiss (sample EAH-05) cross cut by a leucocratic intrusion. 
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Figure 13. Outcrop (left) and overlay drawing (right) of a leucocratic intrusion (sample YA-3) 
hosted in calc-silicate gneiss. From Brown et al. (2010). Calc-silicate gneiss is foliated and 
folded which is referred to as D1-M1 in text below. 
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Figure 14. Leucocratic intrusion with arrows pointing to pale green altered plagioclase 
(sample EAH-06b). Intrusion was originally in contact with pyroxene and quartzose calc-
silicate gneisses (see Figure 9). 
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Petrography – Schriebers Meadow 
 Gneisses at Schriebers Meadow are distinguished based primarily on thickness of 
foliated layers and composition. The mineral percentages distinguish the two units, such that 
higher percentages of quartz and lower amounts of clinopyroxene are observed in the 
quartzose variety as opposed to the pyroxene type.  
Quartzose calc-silicate gneiss 
 Foliated layers 1-4 mm thick define the calc-silicate gneiss at Schriebers Meadow. 
Variable amounts of quartz (30-60%), Ca-plagioclase (5-25%), diopside (15-30%) and 
actinolite-tremolite (10-20%) are present with lesser percentages of epidote, CaCO3, sphene, 
zircon and opaque minerals. Granoblastic layers of diopside, actinolite-tremolite, and altered 
plagioclase are segregated from quartz-rich bands (Figure 15). Signs of differential strain 
including recrystallized fine- to medium-grained quartz, sub-grains and quartz ribbons with 
undulose extinction are seen in quartz-rich layers. Unstrained quartz grains are rare. Diopside 
is partially altered and replaced by actinolite-tremolite. Epidote, where present, is intergrown 
in layers of diopside and plagioclase. Post-metamorphic veins of quartz and CaCO3 cross-cut 
foliation at high angles. 
Pyroxene calc-silicate gneiss 
 Pyroxene calc-silicate gneiss at Schriebers Meadow exhibits foliation with layers 
typically 1-2 mm thick or less. The composition consists of quartz (25-35%), Ca-plagioclase 
(20-35%), diopside (25-35%) and actinolite-tremolite (10-15%) (Figure 16). The fabric and 
composition are different than the quartzose calc-silicate rock. Quartz is typically fine-grained 
and recrystallized with irregular grain boundaries. Quartz ribbons are also present with 
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Figure 15. Photomicrographs of a quartzose calc-silicate gneiss (EAH-10b) showing gneissic 
texture. A) Plane light image with quartz-rich (Qtz) layers defined by layers of plagioclase 
(Plag), diopside (Di) and amphibole (Amph). Amphibole is distinguished from diopside by its 
higher relief. B) Cross-polarized image showing quartz with undulose extinction. Note that 
plagioclase appears as dark matted material.  
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Figure 16. Photomicrographs of a pyroxene calc-silicate gneiss (EAH-04). A) Plane light 
image showing a less developed gneissic texture compared to quartzose calc-silicate gneiss. 
B) Cross-polarized image shows fine-grained quartzose layer in left-center portion of image 
with pyroxene, quartz, amphibole and altered plagioclase (dark minerals) present throughout.  
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undulatory extinction, however, ribbons are smaller and less abundant compared to the 
quartzose calc-silicate variety. Plagioclase can be identified in hand samples, but 
petrographically it is altered (likely to epidote-clinozoisite) and appears as a fine-grained mat 
of dark minerals in thin-section (Figure 15). Clinopyroxene grains appear elongated and have 
rims over-grown by amphibole (Figure 17). This reaction was not commonly observed in 
quartzose calc-silicate gneiss.  
Leucocratic intrusions 
 Felsic intrusions are medium- to coarse-grained with fine-grained alteration minerals. 
A mineral assemblage of quartz, plagioclase, actinolite-tremolite and epidote is observed 
(Figure 18). Quartz is often present with irregular and sutured grain boundaries, and some 
grains are slightly stretched. Plagioclase is altered to fine-grained dark minerals (likely 
epidote). Foliation is difficult to recognize in hand samples and at outcrop-scale, however, 
layering of plagioclase and stretched quartz grains in some samples define a moderate 
foliation (e.g. Figure 10). In thin section, samples appear massive with no foliation present.     
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Figure 17. Plane polarized light photomicrograph of a pyroxene calc-silicate gneiss (EAH-03) 
showing gneissic texture formed by quartz (Qtz) segregated from plagioclase (Plag), diopside 
(Di), and amphibole (Amph – Actinlotie/tremolite). Diopside rims have amphibole 
overgrowth. 
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Figure 18. Photomicrographs of a leucocratic intrusion (sample YA-3) (from Brown et al. 
2010). A). Plane light image shows little fabric development. B) Cross-polarized image shows 
plagioclase commonly appearing altered to dark matted grains. 
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Interpretations of Protolith and Age Relations – Schriebers Meadow 
 A sedimentary origin is suggested for the quartzose and pyroxene calc-silicate 
gneisses based on contact relations (e.g. Figure 6) and the presence of interbedded marble and 
quartzite. Millimeter to centimeter thick quartz ribbons found in both gneisses may also 
reflect deformed detrital grains or quartz-rich layers. The compositional layering observed in 
pyroxene calc-silicate rock is likely pre-metamorphic (e.g. Figure 9) and associated with 
protolith deposition. However, the pyroxene calc-silicate gneiss was originally interpreted in 
this study as an orthogneiss based on its more homogeneous composition compared to other  
rocks. A range of Devonian and Proterozoic zircon ages from a pyroxene calc-silicate gneiss 
(EAH-03) also suggests a sedimentary origin, as discussed below. The protolith for the calc-
silicate gneisses is proposed as a calcareous siliciclastic rock with beds of carbonate and purer 
quartz sands. The calc-silicate gneisses are referred to as paragneiss hereafter. Further 
evidence for a sedimentary protolith will be discussed below after U-Pb geochronology data 
are presented.     
 Leucocratic intrusions are observed cross-cutting paragneisses. Two Early Devonian 
intrusions are known and post-date metamorphism (Brown et al. 2010).  Deformed and altered 
minerals in the intrusions may suggest a second metamorphic event. The youngest intrusives 
are nonfoliated hypabyssal mafic dikes based on cross-cutting relations.  
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Field Site Geology - Yellow Aster Butte 
 Yellow Aster Butte was described as the type locality by Misch (1966) (Figure 19). 
Here, the Yellow Aster Complex is preserved as a tectonic block imbricated with serpentinite 
and Darrington(?) phyllite (Sevigny, 1983). Field work was conducted throughout the 
meadows area and along a ridge below Yellow Aster Butte (Appendix B2). Gneissic 
lithologies consist of quartzose calc-silicate and quartzo-feldspathic gneiss. Quartzite is a 
minor component found with quartzose calc-silicate and quartzo-feldspathic gneisses. 
Leucocratic, potassium feldspar-rich granite, and mafic intrusions are also present.  
 The area mainly consists of quartzose calc-silicate gneiss with lesser amounts of 
quartzo-feldspathic gneiss, quartzite and intrusives. Quartzose calc-silicate gneiss has 
repeating quartz-rich and calc-silicate layers 1-2 mm thick (Figure 20). Quartzo-feldspathic 
gneiss usually has layering on order of 5 mm thick and is medium- to coarse-grained. Some 
quartzo-feldspathic gneiss outcrops consist of centimeter-scale alternating bands of arkosic 
and quartzose layers (Figure 21). Arkosic layers typically consist of fine-grained material and 
quartzose layers sometimes contain coarse-grained feldspar which appear to preserve detrital 
textures (Figure 21B). Contacts between different gneisses are usually abrupt (Figure 22), 
while other contacts are gradational (Figure 23). A gradational contact from quartzo-
feldspathic to quartzose calc-silicate gneiss displays a change in grain size from coarse-
grained quartz and plagioclase to finer grain sizes (Figure 23). Seen in thin section, the 
transition from quartzo-feldspathic to quartzose calc-silicate includes the addition of 
clinopyroxene and epidote. Contacts between distinct lithologies exhibit parallel foliation. 
The contacts appear to be pre-metamorphic and preserve inter-bedded layers. 
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Figure 19. Locality and geologic map (modified from Sevigny, 1983) of the Yellow Aster 
Butte area with cross section A-A’ (modified from Brown, 1987). U-Pb samples are the only 
sample locations labelled, and refer to Table 1 and Appendix 2 for other sample locations. 
Formation abreviations for major rock units:  Kd/Kph=Darrington Phyllite, pDy=Yellow 
Aster Complex (shaded area of map), uPc=Chilliwack Group undivided, uPcs=Chilliwack 
Group sedimentary, um=ultra mafics, Q=Quaternary deposits.  
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Figure 20. Outcrop photograph of folded quartzose calc-silicate gneiss. Gneissic layers are 
approximately 1-2 mm thick. Photograph from the Yellow Aster Butte study area. 
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   A.                    B.  
 
Figure 21. Outcrop photos of quartzo-feldspathic gneiss from the Yellow Aster Butte area. A) 
Quartzo-feldspathic gneiss (EAH-37) with alternating feldspar- (A) and quartz-rich (Q) 
layers. Feldspathic layers contain altered plagioclase, muscovite and chlorite. B) Quartzo-
feldspathic gneiss showing compositional layering and a variety of grain sizes. White and 
coarse grains are plagioclase.  
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Figure 22. Contact between quartzose calc-silicate and quartzo-feldspathic gneisses. Sample 
EAH-36 was collected here. A shallow foliation is dipping away. Rock hammer is 38 cm 
long. Photograph looking east from western meadows area west of Yellow Aster Butte (See 
Appendix 2). 
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Figure 23. A pre-metamorphic contact between quartzo-feldspathic and quartzose calc-silicate 
gneisses. At this outcrop, the quartzos-feldspathic gneiss appears to be interbedded with a 
fine-grained quartzose calc-silicate gneiss. Quartzo-feldspathic gneiss contains coarse-grained 
quartz and plagioclase with centimeter scale foliation, which transitions into finer grained 
calc-silicate layers with finer (millimeter scale) foliation. Hammer is 38 cm long.  
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In the eastern portion of the field area, outcrops of K-feldspar granite are present (e.g. 
sample EAH-18). The field relation of this granite to other gneisses is unknown. A mild 
foliation is defined by layers of coarse-grained quartz and plagioclase with mylonitic chlorite. 
Abundant pale green altered plagioclase and centimeter-scale K-feldspar grains are 
characteristic of this lithology (Figure 24).  
 Coarse-grained felsic intrusions are present throughout the quartzose calc-silicate and 
quartzo-feldspathic gneiss. These intrusions are usually irregular or lenticular and are 
centimeters to meters long and wide (Figure 25). Cross-cutting relations are observed (Figure 
26) along with lensed or boudinaged intrusions that are parallel to foliated country rock. In the 
intrusions, quartz is often intergrown with plagioclase and strained, defining a moderately 
developed foliation (Figure 27). Nonfoliated intrusive hypabyssal rocks have mafic to 
intermediate compositions and unstrained fine-grained and feldspar-porphyry textures.  
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Figure 24. Photographs of K-feldspar granite. A) Sample EAH-18 shows outlined phenocryst. 
Phenocrysts are slightly wrapped by foliation. B) Cut and polished surface fo sample EAH-18 
shows moderately layered texture and the pale green color of altered plagioclase. C) Sample 
EAH-23 has a single K-feldspar phenocryst exposed. 
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Figure 25. Leucocratic sill (EAH-34) intruding quartzose calc-silicate gneiss. Photo taken 
near Yellow Aster Butte. 
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Figure 26. Leucocratic intrusion cross cutting foliation of quartzose calc-silicate gneiss. 
Hammer is approximately 38 centimeters long.  
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Figure 27. A lenticular leucocratic intrusion with texture defined by feldspar intergrown with 
strained quartz. Intrusion is parallel to surrounding foliation. Hammer is approximately 20 
centimeters long. 
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Petrography – Yellow Aster Butte 
Quartzose calc-silicate gneiss 
 Quartzose calc-silicate gneiss is the dominant rock type in this area. Foliation is 
characterized by 1-2 millimeter thick quartz-rich and mafic layers. Primarily granoblastic, the 
quartz-rich layers alternate with layers mainly composed of plagioclase, quartz, diopside, 
epidote, and trace amounts of actinolite-tremolite, zircon, and opaque minerals. Typically, the 
fine-grained calc-silicate comprises at least 50% quartz with variable amounts of Ca-
plagioclase (15-25%), diopside (10-25%) and epidote (10-15%). Diopside is commonly 
strained and partially reacted to epidote and actinolite-tremolite (Figure 28A). Epidote grains 
are granular to subhedral. Quartz-rich layers generally have recrystallized grains, but 
lenticular, unrecrystallized quartz ribbons are common. Undulatory extinction and subgrains 
are exhibited throughout quartz ribbons (Figure 28B). A small percentage (<10%) of quartz 
and plagioclase grains appear to preserve detrital textures (Figure 28). Figure 29 also shows a 
polycrystalline clast in EAH-39.  
Quartzo-feldspathic gneiss 
 A second variety of gneiss is characterized by a high percentage of quartz (>60%) and 
a lack of clinopyroxene, termed quartzo-feldspathic gneiss. Other minerals in this lithology 
include variable amounts of plagioclase (10-25%), K-feldspar (5-10%), muscovite (5-15%), 
and chlorite (5-15%). Trace amounts of garnet, zircon, pyrite, and opaque minerals are also 
present. Quartz is mostly fine to medium-grained and recrystallized. Larger quartz ribbons are 
also present, and nearly all coarse-grained quartz is strained, showing signs of undulatory  
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Figure 28. Photomicrographs of a quartzose calc-silicate gneiss (sample EAH-39) displaying 
various mineral textures. A) Plane polarized light photomicrograph shows diopside (Di) in 
relation to acicular amphibole grains. B) Cross-polarized light photomicrograph of a quartz 
ribbon with subgrains (center of image).  
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Figure 29. Sample EAH-39, cross-polarized light photomicrograph of quartzose calc-silicate 
gneiss. Foliated texture contains fine-grained recrystallized quartz, coarse-grained rounded 
quartz (Qtz) and sub-angular plagioclase (Plag) grains. A polycrystalline grain is outlined. 
Coarse grains are possibly relict detrital grains. 
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extinction and subgrains. Where present, feldspar is second most abundant to quartz. Layered 
compositions are common with 1-2 centimeter thick quartzose layers alternating with layers 
consisting of plagioclase, quartz, muscovite and chlorite (Figure 30). Quartzose layers exhibit 
3-5 mm thick mylonitic to gneissic texture with quartz-rich layers separated from finer layers 
of muscovite and chlorite. In samples with garnet, isotropic relict grains are usually fractured, 
flattened and replaced by chlorite (Figure 31). Some samples contain textures suggestive of 
both brittle and ductile deformation. For example, partially altered and angular coarse-grained 
plagioclase is divided by a mylonitic chlorite fabric (e.g. EAH-29, Figure 32).  
K-feldspar granite 
 A medium- to coarse-grained felsic intrusion contains large K-feldspar grains up to 
approximately two centimeters wide and has a moderate fabric composed of quartz (35%), 
plagioclase (25-30%), K-feldspar (15-20%), chlorite (5-10%), and muscovite (5%) with minor 
amounts of epidote and CaCO3. Layers within the fabric are generally 3-5 mm thick, which 
slightly wrap euhedral K-feldspar phenocrysts (Figure 33). Quartz grain sizes are highly 
varied. Coarse-grained quartz commonly occurs as ribbons with undulose extinction. 
Plagioclase is distinguished by a pale green color in hand sample and petrography reveals that 
the mineral is often altered to fine-grained muscovite and chlorite. Edges of K-feldspar are 
usually partially replaced by muscovite.  
Leucocratic intrusions  
 Leucocratic intrusions appear as moderately foliated felsic sills and dikes (e.g. Figure 
27). They are medium- to coarse-grained with fine-grained accessory minerals. A mineral 
assemblage of quartz, plagioclase, and K-feldspar is observed in all samples. Lesser amounts 
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of CaCO3, sphene, and pyrite are also observed. Quartz is often present with irregular grain 
boundaries and some grains are slightly stretched. CaCO3 appears as a secondary mineral 
filling vugs and cross-cutting veins (Figure 34) and sometimes shows bent and crossed twins.  
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Figure 30. Photomicrographs of a quartzo-feldspathic gneiss (EAH-37). A) Plane light image 
showing centimeter scale compositional layering with mylonitic chlorite. B) Cross-polarized 
image shows quartzose layers alternate with layers rich in altered plagioclase, chlorite, 
muscovite, quartz and fractured garnets (dark layer). 
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Figure 31. Sample EAH-31, plane polarized light photomicrograph of a fragmented garnet 
porphyroclast in a quartzo-feldspathic gneiss. Relict garnet (Grt) is replaced with chlorite. 
Fractures within the pseudomorph are filled with fine-grained muscovite. 
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Figure 32. Photomicrographs of a quartzo-feldspathic gneiss (EAH-29). Sample preserves 
both brittle and ductile textures as indicated by angluar grains and anastomosing chlorite, 
respectively.  A) Plane light image shows multiple rounded to angular quartz and plagioclase 
grains with chlorite. Coarse-grained plagioclase is present in upper portion of image. B) 
Cross-polarized image shows plagioclase is altered.  
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Figure 33. Photomicrographs of a K-feldspar granite (EAH-18). Sample contains 1-2 
centimeter-scale K-feldspar phenocrysts. A) Plane light image showing layers of chlorite that 
slightly wrap around the phenocrysts. B) Cross-polarized image shows altered plagioclase as 
dark matted grains in upper-portion of photo. A poikiloblastic texture is present in the 
phenocrysts. 
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Figure 34. Sample EAH-34, plane polarized light photomicrograph of a leucocratic intrusion. 
Sample is cross-cut by CaCO3 veins.  
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Interpretations of Protoliths and Age Relations – Yellow Aster Butte 
 The quartzose calc-silicate and quartzo-feldspathic gneisses described above contain at 
least 50% quartz and exhibit relict textures suggesting a sedimentary protolith. In thin section, 
some clastic textures can be identified such as rounded quartz and polycrystalline grains. 
Quartz ribbons may also be derived from strained detrital grains. However, caution must be 
considered while interpreting some quartzo-feldspathic gneiss because angular grain textures 
could be a product of later brittle deformation (e.g. Figure 32). In some samples (e.g. EAH-
39), coarse polycrystalline grains in a fine-grained matrix suggest original grain preservation. 
Compositional layering in quartzo-feldspathic gneiss is probably a pre-metamorphic feature 
related to protolith deposition. Field observations of the quartzose calc-silicate and quartzo-
feldspathic gneisses show they are interbedded (Figure 23). Variations in grain size and 
composition preserve changes between clastic and carbonate rocks. Based on the mineralogy 
and textures, possible protoliths for these rocks could be a calcareous siliciclastic rock with 
lenses of immature, arkosic sands. These rocks are considered paragneisses based on this 
interpreted sedimentary origin. Further interpretations will be discussed below after U-Pb 
geochronology data are presented.     
 The age and origin of the K-feldspar granite remains unclear, partly due to its 
unknown relation to other lithologies. Large K-feldspar grains are interpreted as phenocrysts. 
 Leucocratic intrusions around Yellow Aster Butte are younger than the surrounding 
paragneiss and older than the mafic to intermediate hypabyssal intrusions. Cross-cutting 
relations suggest some leucocratic intrusions formed after paragneisses were deformed and 
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metamorphosed (e.g. Figure 26). However, mineral alterations and CaCO3 deformation 
observed in leucocratic intrusions provide evidence for later metamorphism.  
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Geochronology 
 Two samples from Yellow Aster Butte and three samples from Schriebers Meadow 
were collected for U-Pb zircon geochronology analyses. An additional sample, YA-5, was 
collected from a road cut near Schriebers Meadow by Ned Brown and analyzed prior to this 
study. It is presented here to accompany the data and interpretations in this thesis. Appendix 
C1 contains the U-Pb zircon data collected during analyses and Figure 35 shows age 
probability plots for all samples analyzed. Appendices D1-11 show cathodo-luminesence 
(CL) images of analyzed samples. All peak ages in this section are presented with 2 sigma 
errors, calculated as described above. 
Schriebers Meadow  
The pyroxene calc-silicate paragneiss (EAH-03) contains 20 grains, 14 of those grains 
have Paleozoic ages. Two grain clusters are present and have peak ages of 389 ± 6 Ma and 
403 ± 8 (Figure 35A). Because this sample was originally interpreted in the field as an 
orthogneiss, only 20 zircons were analyzed. The sample contains a small percentage of 
Precambrian grains, some of which are as old as ~1700 Ma. Precambrian ages are only 
represented by single grains. During analysis, four grains with cores and rims were dated 
(Figure 36). These grains contain Mesoproterozoic cores and rim ages ranging from 400 to 
403 Ma.             
 Samples EAH-10b (Figure 35B) and EAH-11 (Figure 35C), both quartzose calc-
silicate paragneisses, have separate Paleozoic peak ages and a scatter of Precambrian grains. 
Sample EAH-10b contains 45 Paleozoic grains and has a youngest peak age of 409 ± 5. 
Sample EAH-11 has at least two grain clusters that can be differentiated. The youngest peak 
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Figure 35. Age probability plots for six samples. Samples from Schriebers Meadow include 
EAH-03, EAH-10b, EAH-11, and YA-5. Samples EAH-34 and EAH-39 were collected from 
the Yellow Aster Butte area. Second column shows Paleozoic zircon populations. Gray 
shaded bars correspond to respective peak age calculations, while light blue shaded bars were 
not considered for statistical reasons. Peak ages are calculated using 2 sigma errors. X-
axis=age (Ma); Y-axis=number of grains. See Appendix C1 for isotope and age data. 
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Figure 36. CL image showing rims and cores of zircons from sample EAH-03. Rim and core 
ages for zircon A are 403 ± 23 and 1087 ± 48 Ma, respectively. Zircon B has rim and core 
ages of 400 ± 10 and 1400 ± 20 Ma, respectively. 
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contains 9 grains with a peak age of 386 ± 5 Ma. A second cluster of 52 grains has an overall 
peak age of 405 ± 4 Ma, but this may consist of several overlapping peaks. Although the 
majority of grains are Devonian age, sample EAH-11 has four Precambrian age grains, which 
are as old as ~1800 Ma. CL imaging shows that zircons in both samples exhibit rounded 
grains. High (>10) U-Th ratios are present in ca. 400 Ma zircons in samples EAH-10b and 
EAH-11 (Table 2; Appendix 14).   
 The quartzose calc-silicate paragneiss analyzed by Ned Brown (unpublished data; 
sample YA-5) consists of 77 total zircon analyses. Due to a large number of discordant grains 
(n=31), only 46 zircons were used for this study. The sample contains a zircon population 
with a predominant peak age of 417 ± 3 Ma and a range of Precambrian grains (Figure 35D). 
However, a younger cluster of seven grains has a peak age of 402 ± 7 Ma. The zircon 
population is made up of Archean (2%), Paleoproterozoic (11%), Mesoproterozoic (37%), 
Neoproterozoic (9%), Silurian (11%) and Devonian (30%) grains. A small number (11%; five 
grains) of these Proterozoic grains fall within the North American magmatic gap (1.49-1.61 
Ga) of van Schmus et al. (1993). No Neoproterozoic ages younger than ~772 Ma are present. 
The youngest grain in the population has an age of 364 ± 10 Ma, but the single grain is an 
outlier which does not cluster well with other Devonian zircons. Extension of the discordance 
filter from 20% to 30% increases the population size from 46 to 61 grains (Figure 35D) 
(Table 2). The increase also adds one grain to the North American magmatic gap.  
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Yellow Aster Butte 
 A quartzose calc-silicate paragneiss (EAH-39) from the Yellow Aster Butte study area 
has a wide range of Precambrian age zircons, as well as seven Paleozoic grains that range in 
age from approximately 414 Ma to 459 Ma (Figure 35E). The zircon population consists of 
Archean (7%), Paleoproterozoic (34%), Mesoproterozoic (46%), Neoproterozoic (5%), 
Ordovician (1%), Silurian (6%) and Devonian (1%) grains. Nine grains (10%) fall within the 
North American magmatic gap. This sample lacks Neoproterozoic zircons younger than ~950 
Ma. 
 Of all the analyses, sample EAH-34 had the fewest zircons present (Figure 35F). 
Nineteen U-Pb ages were obtained from the leucocratic sill and of those only 16 could be 
used due to discordance. The sample contained zircon ages spanning from 406 to 2800 Ma. 
Grains are interpreted as inherited from the country rock due to the lack of a unimodal peak. 
The distribution of zircon ages shown in a probability plot is somewhat similar to that of some 
paragneisses (e.g. EAH-39, YA-5). 
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Interpretations 
 This section combines field data, petrographic and geochronology data along with 
work from previous studies to justify interpretations of lithology types, possible protolith 
environments and local tectonic history. Refer to Table 1 for dates and timing of geologic 
events associated with the U-Pb geochronology analysis.    
Paragneisses  
 The paragneisses described above are interpreted to have multiple sedimentary sources 
that indicate several magmatic events throughout the Early to Middle Devonian. At Schriebers 
Meadow, samples EAH-03, EAH-10b, and EAH-11 contain youngest peak ages ranging from 
386 to 409 Ma. Samples EAH-03 and -11 contain multiple clusters, while sample EAH-10b 
only has a narrow peak age. The peak ages in each sample suggest that numerous source areas 
were exposed to erosion prior to deposition. Derived from the youngest cluster of grains, the 
maximum depositional ages for EAH-03 (389 ± 6 Ma), EAH-10b (409 ± 5 Ma), and EAH-11 
(386 ± 5 Ma) are Early to Middle Devonian. As stated above, the fine-grained calc-silicate 
paragneisses are in contact with one another and are interbedded with marble and quartzite. 
Zircons in samples EAH-10b and EAH-11 also exhibit some rounding suggesting the grains 
are detrital rather than igneous. The textural, compositional, and geochronologic data suggest 
that the samples represent Devonian volcaniclastic sediments interbedded with a calcareous-
siliciclastic protolith. A shallow marine sedimentary environment is a likely origin for these 
lithologies. K-S testing of these three samples statistically indicates that they were likely shed 
from the same source region (see Appendix F1). The zircon age distribution in sample YA-5 
is unlike that in  
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 Table 1. Comparison of interpreted U-Pb zircon data for this study and Brown et al (2010). 
Maximum depositional ages are interpreted based on ages of youngest source (peak of three 
or more grains with MSWD <2). Ages are from clustered grains which were calculated with 
Age Pick (Gehrels, 2009) using 2 sigma errors.  
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other paragneiss from Schriebers Meadow. The broad range of zircon ages in sample YA-5 
suggests highly non-uniform rock types in one area or recycling of a prior sedimentary 
formation. This sample has two Paleozoic peak ages: 417 ± 3 Ma (Late Silurian-Early 
Devonian) and 402 ± 7 Ma (Early Devonian). The sample is interpreted to have a maximum 
depositional age of 402 ± 7 Ma. Given the small number of grains for this sample, caution 
should be used for interpreting the peak ages that could be one single distribution of grains. 
Clastic material for sample YA-5 is probably derived from a combination of local intrusions 
and recycled detritus containing a broad range of Precambrian age material. A shallow marine 
setting with input of recycled detritus is a potential depositional environment for the sample.        
In the Yellow Aster Butte area, two types of paragneiss preserve calcareous 
siliciclastic deposition with influence of mixed sand compositions. Multiple grain shapes and 
sizes in quartzo-feldspathic paragneiss suggest these were immature arkosic sediments which 
are likely derived from a nearby granitic provenance. In contrast, quartzose calc-silicate 
paragneiss is mainly fine-grained suggesting a more mature source or a facies change related 
to depositional processes and energy. However, angular polycrystalline grains are present in 
the fine-grained gneiss (Figure 29) and preserve immature grain textures that suggest a nearby 
igneous source. U-Pb zircon geochronology analysis of sample EAH-39 suggests that zircons 
are derived from a number of older sources with input from a younger source, as 
demonstrated by the broad number of Proterozoic ages and presence of early Paleozoic ages 
(414 to 459 Ma; Early Devonian to Middle Ordovician). This sample could also or instead 
represent a single recycled sedimentary source containing both Paleozoic and Proterozoic 
detrital zircon populations. A near-shore, shallow marine depositional setting is likely given 
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the lithologies, variety of grain size, and compositional layering within coarse-grained 
paragneiss. For sample EAH-39, an approximate maximum depositional age of 428 Ma (Early 
Silurian) is cautiously interpreted due to three  Paleozoic grains yielding a MSWD equal to 
zero which does not meet the statistical criteria for a cluster (Figure 35E). Visual analysis of 
samples EAH-39 and YA-5 suggest they have some of the same age populations (with 
different proportions), but K-S testing statistically indicates that the samples did not come 
directly from the same source (see Appendix F1).  
A quartzose paragneiss collected from Black Mountain (YA-2; Brown et al. 2010) 
(Figure 2, 40B) contains a different detrital zircon signature than the paragneisses of this 
study. Sample YA-2 contains a zircon population ranging from 1000 Ma to more than 3200 
Ma, with a prominent peak around 1800 Ma.  
Intrusive Rocks 
 The intrusive rocks analyzed for this study and Brown et al. (2010) seem to be 
comparable between field sites. Leucocratic intrusions are similar texturally and 
compositionally. Ages may be similar as well, however, the age for EAH-34 is only based on 
the youngest grain (406 ± 8 Ma) which overlaps with other Early Devonian intrusions (Brown 
et al. 2010) (Figure 37). Previous work in the Schriebers Meadow area by Brown et al. (2010) 
documented a nonfoliated leucogranite intrusion (YA-3) yielding an age of 417.8 ± 4.9 Ma. 
An additional age from a granodiorite (YA-4) was 409.7 ± 4.8 Ma. These samples contain 
only early Paleozoic grains. Blackwell (1983) described quartz diorite intrusions from the 
same locality of YA-4 (Brown et al. 2010) having weak to no foliation. The Early Devonian  
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Figure 37. Comparison of zircon ages from the Yellow Aster Complex (this study and Brown 
et al. 2010). For further comparison, zircon ages from Brown et al. (2010) are reanalyzed 
using a stricter discordance filter. Ages are from clustered grains which were calculated with 
Age Pick (Gehrels, 2009) using 2 sigma errors.   
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peak ages from paragneiss samples EAH-10b and EAH-11 overlap with zircon ages from 
sample YA-4 (Brown et al. 2010) and the youngest zircon grain from EAH-34. An age is not 
yet known for the foliated K-feldspar granite from the Yellow Aster Butte area. Leucocratic 
intrusions in the same area, however, show that magmatism also took place following 
metamorphism. 
Deformation & Metamorphism  
 Various intensities of deformation seem to be present throughout the Yellow Aster 
Complex. From Yellow Aster Butte, clastic textures preserved in quartzo-feldspathic 
paragneiss (e.g. detrital grain shapes) suggest lower strain, while quartzose calc-silicate 
paragneiss is more thoroughly recrystallized and granoblastic. Quartz ribbons are present in 
both types. The calc-silicate paragneisses from Schriebers Meadow exhibit granoblastic 
texture and quartz ribbons similar to quartzose calc-silicate paragneiss from Yellow Aster 
Butte.  
At least two deformational and three metamorphic events have affected the Yellow 
Aster Complex based on geology and geochronology. New data from this study and work by 
Brown et al. (2010) demonstrate that the Schriebers Meadow field area preserves a more 
complete record of the events. Figure 38 shows a schematic representation of the geology and 
events. Brown et al. (2010) recorded an age of ~418 Ma (YA-3) from an unfoliated 
leucocratic intrusion, which cross-cuts calc-silicate paragneiss and preserves fragments of 
foliated wall-rock (Figure 12). This relation suggests a pre-418 Ma deformation and 
metamorphic event (D1-M1). New zircon geochronology data in this thesis indicate that 
sedimentation was renewed after 418 Ma and lasted until after 386 Ma, with intervals of  
74 
 
Figure 38. Schematic representation of the Schriebers Meadow geology based on 
interpretations from fieldwork, petrography, geochronology, and previous work. Dates 
associated with paragneisses are maximum depositional ages. 
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magmatism occurring throughout the Early to late Middle Devonian (Table 3). Deformation 
and a second and third metamorphic event (M2/M3) occurred after 386 Ma. However, ca. 400  
Ma zircons found in samples EAH-10b and EAH-11 have high U-Th ratios which may be 
indicative of a metamorphic event earlier than 386 Ma. The intrusions analyzed by Brown et 
al. (2010) must be pre-M2. Prior to this study, metamorphic events were interpreted to have 
taken place before 418 Ma. The new geochronology data now separate the Yellow Aster 
Complex of Schriebers Meadow into pre-Devonian and Devonian components. The pre-
Devonian geology is yet to be fully recognized and described in the field.  
An alternative explanation to the magmatic zircons analyzed by Brown et al. (2010) is 
that the zircons are not magmatic, but rather detrital grains inherited from the country rock, 
similar to the sampled intrusion in the Yellow Aster Butte area (EAH-34) that contained only 
detrital zircons and no magmatic zircons. If true, this scenario suggests that the grains are 
derived from an early Paleozoic arc and would not require a pre-418 Ma metamorphic event. 
However, all the meta-sedimentary samples analyzed from Schriebers Meadow contain 
Precambrian-age zircons, and if the intrusions were entraining detrital zircons from the 
surrounding country rock, the presence of some Precambrian-age zircons would be expected 
in the analyses. Though the number of zircons is limited in each of Brown et al. (2010) 
samples, it seems improbable that, if entrainment did occur, neither of the Schriebers Meadow 
intrusions would contain any Precambrian-age zircons. Thus, the zircons in intrusions 
analyzed by Brown et al. (2010) may indeed represent magmatic ages.  
Petrographic analyses of rocks sampled from Schriebers Meadow provide supporting 
evidence for M2 and M3 after 418 Ma. A defining mineral assemblage containing diopside and 
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Ca-plagioclase (altered to epidote) is present in all paragneisses, and the assemblage is 
assigned to amphibolite-facies (M2-D2). Over-growths of actinolite-tremolite appear 
secondary to diopside and suggest a third event (M3). Plagioclase probably experienced 
alteration to epidote during the later event. M3 is characterized as a lower grade (greenschist- 
to epidote-amphibolite-facies) overprinting event with no obvious associated deformation.  
The metamorphic history for the Yellow Aster Butte locality is somewhat more uncertain, and 
Figure 39 shows a schematic representation of interpreted geology and events there. The 
maximum depositional age of sample EAH-39 from the area suggests deformation and 
metamorphism took place after 428 Ma. The ~415 Ma age of metamorphism suggested by 
Mattinson (1972) does not have a published error and may correspond to the M1 event 
documented for the Schriebers Meadow locality. The defining mineral assemblage in these 
rocks contains garnet, diopside, and Ca-plagioclase and is characteristic of amphibolite facies. 
It is difficult to interpret this event as either M1 or M2, but they are over-printed by a lower 
grade metamorphic (greenschist-facies) event characterized by acicular actinolite-tremolite, 
muscovite, epidote, and chlorite. Garnet, a possible feature of amphibolite-facies 
metamorphism, often appears fractured, flattened, and partially replaced by chlorite. Garnet 
deformation likely took place between metamorphic phases. Anastomosing chlorite in the 
presence of brittle textures (e.g. EAH-29, Figure 32) may indicate that localized faulting 
occurred between metamorphic events. Epidote and acicular actinolite-tremolite seen in some 
quartzose calc-silicate paragneiss are possibly related to the later event. The amphibolite-
facies mineral assemblage with a lower grade over-print is similar to observations from rocks 
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around the Schriebers Meadow locality. Thus, the Yellow Aster Butte area may also record 
the M2 and M3 events.    
 
 
  
Figure 39. Schematic representation of the Yellow Aster Butte geology based on 
interpretations from fieldwork, petrography, geochronology, and previous work. Date 
associated with paragneiss is maximum depositional age. 
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Discussion 
Western Laurentian and Baltic detrital source indicators   
Early Paleozoic rocks in the North American Cordillera can contain detrital and 
magmatic zircon populations useful for determining source affinities and assisting the 
classification of terranes as local or exotic. Detrital zircon populations from peri-Laurentian 
strata (e.g. Yukon-Tanana terrane) of Devonian-age or older are characterized by a prominent 
ca. 1800 Ma peak, a lack of grains from the North American magmatic gap (1.49-1.61 Ga), 
and usually a lack of grains with ages <1000 Ma (Colpron and Nelson, 2009). Magmatism 
throughout the Yukon-Tanana terrane was not present until the Middle to Late Devonian (ca. 
390-365 Ma) with the height of igneous activity at around 375 Ma (Nelson et al. 2006). 
Exotic terranes (e.g. Alexander terrane) that include rocks of Early Devonian age or older 
may contain detrital zircons of North American magmatic gap and early Paleozoic ages (390-
500 Ma) (Gehrels et al. 1996; Grove et al. 2008). The range of Paleozoic grains is thought to 
be non-Laurentian (Gehrels et al. 1996; Beranek et al. 2012), because zircons of these ages 
have no known source in western or northern Laurentian. Analysis of the Chilliwack 
composite terrane by Brown et al. (2010) concluded both western Laurentian and Baltic 
provenances as sources, and this difference in detrital affinity was motivation to continue 
research with the Yellow Aster Complex.     
Chilliwack composite terrane 
Brown et al. (2010) proposed that the East Sound Group (Sample ES-1; Figure 40A) 
of the Chilliwack composite terrane contains a detrital signature indicative of an exotic   
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Figure 40. Age-probability plots comparing detrital zircon populations from study areas of 
Brown et al. (2010), peri-Laurentian terranes, and autochthonous North America. (A) An East 
Sound Group quartzose turbidite sample (ES-1) from Orcas Island, Washington. Sample 
shows populations analyzed with different discordance filters. (B) A Yellow Aster Complex 
quartzose (meta-arkosic) paragneiss from Black Mountain (YA-2). Sample YA-2 lacks 
detrital zircons within the NAMG and grains younger than 1000 Ma. C) Age-probability plots 
of YA-2 compared with potentially related rocks of peri-Laurentian terranes from the northern 
Cordillera. Populations are from rocks of Devonian- to Late Neoproterozoic-age. Modified 
from Brown et al. (2010). See Brown et al. (2010) for detrital zircon sources in (C) and Figure 
43 for localities.  
80 
 
 
81 
 
source, likely the Alexander terrane, while an older paragneiss sample (YA-2; Figure 40B) 
from the Yellow Aster Complex appears to have a detrital zircon population similar to 
basement rocks of western Laurentia (Gehrels et al. 2000; Grove et al. 2008) and pre-
Devonian parts of the Yukon-Tanana terrane (Gehrels, 2001) (Figure 40C). New detrital 
zircon data of this study indicate the sedimentary provenance for the Yellow Aster Complex 
is not strictly of western Laurentian affinity. Samples EAH-39 and YA-5 have numerous 
Meso- and Paleoproterozoic zircon ages, peak ages in the early Paleozoic, and grains within 
the North American magmatic gap (Figure 41). A strong resemblance is shared between 
samples EAH-39, YA-5 and ES-1, and suggests a sedimentary source and possibly a 
depositional age that is different than sample YA-2. I suggest that detrital zircon signatures of 
EAH-39 and YA-5 are more indicative of an outboard source rather than of western 
Laurentia. 
 Figure 40A shows the East Sound sample (ES-1) plotted using the 30% discordance 
filter of Brown et al. (2010) and a revised analysis filtering for 20% discordance. Reanalysis 
of the sample removed three grains: two Paleozoic grains and one Neoproterozoic grain. 
Under the stricter filter, the detrital zircon population of ES-1 lost three of the four grains that 
would help suggest an outboard source. However, regardless of how strict the filter is, if part 
of the Yellow Aster Complex is exotic it can account for supplying detritus to the younger 
East Sound Group.  
Three metamorphic events documented in the Yellow Aster Complex suggest an 
active tectonic setting throughout the Paleozoic. A Paleozoic metamorphic event >418 Ma is 
not characteristic of the western Cordillera except in parts of the Alexander terrane (Gehrels  
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Figure 41. Age-probability plots comparing samples of this study (YA-5 and EAH-39) with 
detrital zircon data from the East Sound Group (ES-1; Brown et al. 2010), terranes with 
Caledonian-Baltican affinities, and from Laurentian and Caledonide regions. Populations are 
from rocks of Devonian- to Late Neoproterozoic-age. The Karheen Formation and lower plots 
are modified from Colpron and Nelson (2011). Shaded column=North American magmatic 
gap. See Figure 1 for location of terranes. 
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et al. 1996). Pre-Devonian deformation and metamorphism suggest that parts of the Yellow 
Aster Complex preserve an orogenic record pre-dating most peri-Laurentian terranes of the 
northern Cordillera (Brown et al. 2010). The D2-M2/M3 event (post-386 Ma) remains 
somewhat enigmatic with respect to the formation of the Chilliwack and East Sound groups, 
which contain fossils assemblages as old as ~415 Ma (Savage, 1984) and lacks evidence of 
pre-Mesozoic metamorphism (Brandon et al. 1988).  
The implications of the Devonian and pre-Devonian Yellow Aster Complex are yet to 
be understood in a greater regional context. In the following sections, components of the 
Yellow Aster Complex will be compared and contrasted with the Cordilleran, Appalachian, 
and Caledonian regions to develop or rule out possible correlations.  
Terrane correlations 
 Determining the origin of the Yellow Aster Complex relies on identifying specific 
sedimentary, magmatic, deformational, and metamorphic events which can be compared and 
contrasted with the Cordilleran, Appalachian, and Caledonian regions. This section discusses 
whether or not the affinity of the Yellow Aster Complex is western Laurentian or exotic and 
how good the constraints are. A brief analysis of Appalachian and peri-Gondwana terranes 
will be considered to evaluate an Iapetan origin. However, the majority of this analysis 
focuses on the Alexander and Yukon-Tanana terranes of the Cordillera, as parts of the two 
terranes are geologically similar to the Yellow Aster Complex yet have contrasting tectonic 
origins to one another. This analysis will hopefully aid further understanding of the regional 
tectonic history and origin of the Yellow Aster Complex. Figure 42 shows a comparison of  
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Figure 42. Comparison of geologic events from the Chilliwack composite, Alexander, and 
Yukon-Tanana terranes. 
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geologic events in the Alexander, Yukon-Tanana, and Chilliwack terranes (see Figure 43 for 
locations).  
The eastern and northeastern margins of the North American continent preserve rocks 
of upper Neoproterozoic- to lower Paleozoic-age. In the Appalachian region of the continent’s 
eastern margin, sediments of accreted terranes (e.g. Avalon, Carolina) have detrital zircon 
populations that generally contain a high proportion of Grenville age zircons (1.0-1.4 Ga) 
with few grains older than 1.4 Ga (Cawood et al. 2007; Park et al. 2010) (Figure 41L). The 
majority of magmatism that occurred with the Avalon arc, derived from peri-Gondwana, 
occurred between 580-650 Ma (Cawood et al. 2007). These detrital zircon signatures are not 
present in zircon populations from the Yellow Aster Complex (Figures 40A; 41A-B). The 
Caledonide region of Greenland and Scandinavian contain more significant numbers of 
detrital zircons from Late Mesoproterozoic- to Archean-age crust (Figure 41M-O). The 
distribution of detrital zircons found in the Caledonides is more similar to parts of the Yellow 
Aster Complex (Figure 41 A-B) and exotic terranes of the Cordillera (e.g. Alexander, Yreka) 
(Figure 41D-G).  
As mentioned above, the accreted terranes present throughout the North American 
Cordillera seem to have distinct detrital zircon signatures that can help support classification 
of terranes as local or exotic. Based on geochemical, fossil, and paleomagnetic evidence, the 
core of the orogen (e.g. Yukon-Tanana, Stikinia, and Quesnellia terranes) is suggested to have 
originated from the western Laurentian margin (Nelson et al. 2006; Colpron et al. 2007). 
Detrital zircon populations in the peri-Laurentian terranes are representative of the adjacent  
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Figure 43. Terranes and localities in the northern Cordillera. Modified from Brown et al. 
(2010). Star, triangle and diamond symbols signify localities in the Alexander terrane and area 
of this study. The symbols are referenced in Figure 44. AL=Arrow Lake, AX=Alexander 
terrane, BI=Banks Island assemblage, CS=Chatham Sound area (Tracy Arm assemblage), 
DC=Dorsey Complex, EB=Ecstall belt, GL=Glenlyon area (Snowcap assemblage), 
GW=Gateway Formation, HC=Horsethief Creek Group, IF=Icefield assemblage, JB=Jarvis 
belt, KAR=Karheen Formation, MC=Mathieson Channel Formation, MW=Mount Wilson 
Formation, YT=Yukon-Tanana terrane, YA=Yellow Aster Complex 
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craton (Figure 40C). Outboard of the peri-Laurentian terranes are crustal fragments (e.g. 
Alexander, Yreka, Sierra City) that are exotic to the margin (Colpron and Nelson, 2009). The 
Devonian sediments from these exotic terranes can contain similar detrital zircon populations 
to one another (Figure 41D-G), and are also comparable to zircon populations from the 
Caledonides (Figure 41M-O). An Early Devonian paleolatitude of ~14 ± 4° N or S was 
interpreted for the Alexander terrane (Karheen Formation) by Butler et al. (1997), and using 
fossil and detrital zircon evidence (Gehrels et al. 1996), they suggested the terrane originated 
along the margins of Baltica. However, debate remains over the exact origins of these terranes 
due to conflicting interpretations of fossil evidence and paleomagnetic evidence (Colpron and 
Nelson, 2009; Cocks and Torsvik, 2011). Below is a discussion focused on similarities and 
differences of Cordilleran terranes that are geologically similar to the Yellow Aster Complex. 
 In the western Cordillera, the Yreka and Sierra City terranes contain detrital zircon 
populations similar to parts of the Yellow Aster Complex (Figures 1 and 41d-f). Parts of these 
terranes contain detrital zircon signatures characterized by a broad range of zircon ages 
ranging from 1.0-2.0 Ga and a young peak of early Paleozoic-age grains. The Yreka terrane 
consists of Ordovician and Silurian-Devonian fragments representative of a forearc complex 
(Lindsley-Griffin et al. 2008). Ophiolitic and sedimentary (chert, limestone, and sandstone) 
blocks are preserved within the Sierra City terrane (Schweikert et al. 1984), and the terrane 
also includes a tuff or dike yielding an age of 423 Ma (Saleeby et al. 1987). Although the 
detrital zircon populations from these terranes are similar to the Yellow Aster Complex, the 
overall geology (e.g. lithology, metamorphism) of the two terranes does not suggest a 
correlation with the Yellow Aster Complex. 
91 
 
Parts of the Yellow Aster Complex share striking similarities with lithologies and 
detrital zircon populations of parts of the Alexander terrane (Figure 44). The Early Devonian 
Karheen Formation is made up of coarse-grained sandstone and siltstone (Gehrels et al. 1996), 
while the Mathieson Channel Formation, thought to be the metamorphosed equivalent of the 
Karheen Formation, consists of lithic feldspathic sandstone, conglomerate, and abundant 
carbonate (Nelson et al. 2011). Quartzose calc-silicate and quartzo-feldspathic paragneisses of 
the Yellow Aster Butte area appear to be very similar to rocks of the Mathieson Channel 
Formation. The feldspathic meta-sands found in the Yellow Aster Complex and Mathieson 
Channel Formation are inconsistent with the oldest units of the Yukon-Tanana terrane (e.g. 
Snowcap and Dorsey complexes, Tracy Arm assemblage) which consist of quartz- and 
carbonate-rich meta-sediments similar to pre-Devonian units in the autochthonous 
miogeocline (Colpron et al. 2006; Roots et al. 2006; Gehrels, 2001). Detrital zircon 
populations from the Mathieson Channel Formation yield ages ranging from 400-460 Ma 
(Mahoney et al., 2011) which are consistent with Paleozoic-age zircons from the Yellow 
Aster Complex (Figures 45). In contrast, the Karheen Formation has detrital zircons with 
numerous ages from the Meso- and Paleoproterozic and early Paleozoic, including a number 
of grains within the North American magmatic gap (Gehrels et al. 1996). The detrital zircon 
signatures of samples EAH-39 and YA-5 have a strong visual resemblance to the population 
found in the Karheen Formation (Figure 41). Statistically, however, a K-S test comparison of 
detrital zircons from the Karheen Formation with samples EAH-39 and YA-5 indicates a 95% 
probability that they are from a different source. These three populations all contain similar 
early Paleozoic peak ages and grains with the North American magmatic gap. The  
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Figure 44. Comparison of parts of the Alexander terrane with the Chilliwack composite 
terrane. New interpretations suggest the (A) Karheen and (B) Mathieson Channel formations 
and (C) Yellow Aster Complex may potentially correlate (modified from Nelson et al. 2012). 
Star, triangle and diamond symbols reference locations in Figure 43. Abbreviation: D-
IP=Devonian to Pennsylvanian.  
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populations could be statistically different because of sedimentary factors affecting 
preservation (e.g. facies, grain size). The new geochronology data presented here (EAH-39; 
YA-5) suggest parts of the Yellow Aster Complex have an exotic detrital source, because 
peri-Laurentian terranes do not contain detrital zircons of Silurian and Ordovician age or from 
the North American magmatic gap. The Karheen and Mathieson Channel formations overlie a 
significant Late Silurian-Early Devonian unconformity marking the Klakas orogeny (Gehrels 
et al. 1996). A similar unconformity is also inferred within the Yellow Aster Complex 
(Figures 38 and 44C). 
 The magmatic age pattern supports a potential correlation between the Karheen and 
Mathieson Channel formations and Yellow Aster Complex (Figure 42). Late Silurian to Early 
Devonian intrusions are present throughout the southern Alexander terrane, some of which 
have been attributed to the first signs of magmatism during the Klakas orogeny (Mahoney et 
al. 2011). The age of these intrusions might be similar to intrusions found in the Yellow Aster 
and Turtleback complexes (Figure 42) documented by Brown et al. (2010) and a source of 
detrital zircons in younger units of the composite terrane. In western Laurentia, magmatism of 
Late Silurian-Early Devonian age is uncommon and only recognized in Tracy Arm 
assemblage of the Yukon- Tanana terrane (e.g. Gehrels, 2001). Terranes in the northern Sierra 
and Klamath mountains host older igneous rocks (Ordovician-Silurian), and have been 
interpreted to have a Baltic affinity similar to the Alexander terrane (Grove et al. 2008) 
(Figure 41D-F). Widespread magmatism in the Yukon-Tanana terrane isn’t present until ca. 
387 Ma (Nelson et al. 2006), approximately 30 m.y. after magmatism was initiated in the 
Yellow Aster Complex. The Middle and Late Devonian arc magmatism found in the Yukon-
95 
 
Tanana terrane is similar to younger parts of the Yellow Aster Complex found around 
Schriebers Meadow (Figure 42).  
Timing of deformation and metamorphism in the Yellow Aster Complex is difficult to 
constrain and correlate with other terranes. The Methieson Channel Formation has undergone 
polyphase deformation and amphibolite-facies metamorphism which likely took place after 
400 Ma (Nelson et al. 2012). Older units of the Yukon-Tanana terrane are at least pre-Late 
Devonian age and metamorphosed (as high as amphibolite-facies) (Nelson et al. 2011; Piercey 
and Colpron, 2009). An event of pre-418 Ma metamorphism (Figure 13) in the Schriebers 
Meadow section could be correlative to that in the Alexander terrane (Figures 42, 44 and 45).  
This thesis proposes that parts of the Yellow Aster Complex are equivalent to the 
Silurian-Devonian formations of the Alexander terrane and originated in proximity to it. 
Although other terranes have Baltic detrital zircon signatures, they lack lithologic and/or 
deformational-metamorphic similarities to the Yellow Aster Complex. Figure 44C shows a 
new interpretation of the Schriebers Meadow and Yellow Aster Butte sections of the Yellow 
Aster Complex and possible correlation to parts of the Alexander terrane. The origin of 
western Laurentian detritus in the Yellow Aster Complex (sample YA-2; from Brown et al. 
2010) will be discussed below. 
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Figure 45. Age-probability plots comparing aggregate zircon populations from the Mathieson 
Channel Formation and Yellow Aster-Turtleback complex. (A) Mathieson Channel Formation 
population made up of seven detrital samples (Modified from Mahoney et al. 2011). 
Unknown MSWD for shown peak age (426.5 ± 2.0 Ma). (B) Yellow Aster-Turtleback 
complex population made up of five detrital and six magmatic samples (From this study; 
Brown et al. 2010). Timing of Caledonide, Timanide, Avalonian, and Yukon-Tanana 
magmatism is shown. 
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 Terrane migration 
The origins of exotic terranes in the Cordillera are debated due to conflicting 
interpretations of detrital zircon, fossil, and paleomagnetic evidence which are used to 
reconstruct the paleogeography of Laurentia and adjacent microcontinents and arcs. Based on 
detrital zircons, deformational-metamorphic characteristics and fossil assemblages, Colpron 
and Nelson (2009) and Wright and Wyld (2006) suggest exotic terranes that have pre-
Devonian roots (e.g. Alexander and Yreka-Trinity terranes) have a Caledonian affinity either 
along the northern or southern margin of Baltica. In contrast, Cocks and Torsvik (2011) reject 
the Baltica affinity proposed by these authors because of contradictory paleomagnetic data 
and fossil evidence, as well as suggesting the unlikely tectonic feasibility of large post-
Silurian translation the Alexander terrane underwent. Below is an analysis of these ideas with 
respect to the Alexander terrane.  
Terrane migration from the Baltic margin is modeled after a Caribbean/Scotia-style 
subduction zone. Wright and Wyld (2006) proposed a southern Baltica-Avalonian affinity for 
the Alexander, Yreka-Trinity, and Shoo Fly terranes based on deformational events and 
detrital zircon populations. Colpron and Nelson (2009) argued that the southern Baltica-
Avalonian margin consisted of rifting and passive margin formation during Late 
Neoproterozoic-early Paleozoic time which conflicts with the presence of Late 
Neoproterozoic arc rocks of the Alexander terrane. Instead, Colpron and Nelson (2009) favor 
an origin for the Alexander terrane related to the Caledonides of the Eurasian high Arctic 
along northern Baltica based on combined fossil, paleomagnetic, and detrital zircon data (Soja 
and Antoshkina, 1997; Bazard et al. 1995; Gehrels et al, 1996). Miller et al. (2011) have also 
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suggested a model supporting northern displacement, but favor a Siberian affinity requiring 
less displacement and simpler transport history compared to models of Wright and Wyld 
(2006) and Colpron and Nelson (2009). Most recently, interpretations of detrital zircons and 
Hf isotopes by Beranek et al. (2013) suggested that the Alexander terrane originated along the 
northeastern margin of Baltica and followed a route around northern Laurentia.  
Review of paleomagnetic data and fossil assemblages by Cocks and Torsvik (2011) places the 
Laurentian continent and selected terranes (e.g. Alexander terrane) in alternative 
paleogeographic positions compared to the reconstructions of Colpron and Nelson (2009). 
Cocks and Torsvik (2011) show significant latitudinal motion of Laurentia during Silurian-
Devonian time, with locations for Laurentia varying as much as ~15° from the 
paleogeographic maps of Colpron and Nelson (2009). The paleogeography of the Alexander 
terrane remains troubling when comparing the two different paleogeographic reconstructions 
(Figure 46). Butler et al. (1997) interpreted a paleo-latitude around 14 ± 4° N or S for the 
Early Devonian Karheen Formation, and an origin along northern Baltica was suggested using 
detrital zircon data (Gehrels et al. 1996). This interpretation is used in the Colpron and Nelson 
(2009) model. However, paleomagnetic analyses by Nokleberg et al. (2000) suggest that the 
Alexander terrane evolved separate from Laurentia and was situated at 8-14° N in the Late 
Devonian-Carboniferous, around 30-35° south of the position Colpron and Nelson (2009) 
speculate for the Alexander terrane. Cocks and Torsvik (2011) conclude that the Alexander 
terrane originated independently within the Panthalassic Ocean, likely nearer to Siberia than 
Laurentia, requiring less substantial post-Silurian migration compared to the models of 
Wright and Wyld (2006) and Colpron and Nelson (2009). 
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 The detrital record along the margins of Laurentia could provide evidence for or 
against terranes migration around Laurentia. If active arcs were migrating at that time, detrital 
zircons from those arcs should be expected along the cratonic margin (Figures 40C and 41). 
However, this expectation is dependent on sediment transport, and whether or not the bulk of 
the arc-related detritus was subducted, or not.  
 The tectonic feasibility of terrane translation remains troubling. The time required for 
exotic terranes to migrate from Baltica to western North America during the Early Devonian 
(~410 Ma) to Late Devonian (~360 Ma) over a distance of 5000-6000 km is somewhat 
problematic for current models (e.g. Colpron and Nelson, 2009). Average plate velocities of 
~10-12 cm/year would be required to achieve the hypothesized terrane migration, which are 
high end values known from modern arcs (Schellart et al. 2008).  
Early Devonian peri-Laurentia and Alexander interaction?  
 Nelson et al. (2012) proposed that parts of the Alexander terrane and a peri-Laurentian 
fragment may have shared an Early Devonian history. West of the Alexander terrane (Figure  
43), parts of the Banks Island (BI) assemblage are thought to have a continental affinity, but 
share strong similarities with the exotic Mathieson Channel Formation (Nelson et al. 2012). 
The Banks Island assemblage is represented by thin bedded quartzite and interlayered marble 
that are strongly deformed and regionally metamorphosed (amphibolites facies) with well 
developed foliation (Nelson et al. 2012). Mahoney et al. (2011) and Nelson et al. (2012) 
suggested the Banks Island assemblage and Mathieson Channel Formation share a common 
sedimentary history as a clastic overlap which developed near a syn-Klakas orogeny 
collisional margin, or suture, between the Alexander terrane and a peri-cratonic fragment. 
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Figure 46. Comparison of paleogeographic maps showing Laurentia and adjacent continents 
during Devonian time. Top (Cocks and Torsvik, 2011) and bottom (Colpron and Nelson, 
2009) maps are modified to show paleolatitude of the Alexander terrane (AX) based on 
paleomagnetism from Bazard et al. (1995) and Nokleburg et al. (2000).  Bottom maps also 
show proposed models for exotic terrane migration to western Laurentia.  
101 
 
The event could have resulted in sediments derived from a western Laurentian source (Banks 
Island assemblage) and an Ordovician-Devonian igneous source (Mathieson Channel 
Formation). 
 Uncertainties about the Yellow Aster Complex’s origin remain due to different field 
sites yielding western Laurentian and exotic detrital signatures. In addition, the Schriebers 
Meadow area has samples that are dominated by Early to Middle Devonian grains. Two 
models could potentially explain the occurrence of Laurentian and Baltic signatures in the 
Yellow Aster Complex: terrane amalgamation or a common depositional basin with multiple 
sources (Figure 47). In an event of amalgamation, collision and structural suturing between a 
peri-Laurentian and Baltic fragment would have happened during Early to Middle Devonian 
time. Rocks of this study could be post-amalgamation and represent the sedimentary overlap 
between terranes. A shared depositional basin linking a western Laurentian and Baltic 
provenance is also possible. The paragneisses throughout the Yellow Aster Complex are all 
interpreted as shallow marine deposits and each tectonic block contains calc-silicate rocks that 
are texturally similar suggesting that each block could have formed within the same basin. 
The Yellow Aster Complex may be the result of a syn- to post-Klakas orogeny depositional 
sequence composed of Baltic and peri-Laurentian detritus. Until additional units of the 
Yellow Aster Complex can be analyzed, this study only offers speculation as to how, or if, the 
Yellow Aster Complex experienced such an interaction between an outboard terrane and peri-
cratonic fragment.    
 There are also alternative processes, such as fluvial or eolian, that may be responsible 
for transporting exotic detritus now preserved in the Yellow Aster Complex. Long range 
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Figure 47. Tectonic models for the Yellow Aster Complex. Early Devonian paleogeography 
of Laurentia and adjacent continents with possible location of the Yellow Aster and 
Alexander terranes (left) (map modified after Cocks and Torsvik, 2011). Crustal ages also 
shown (modified from Colpron and Nelson, 2012). Model one showing amalgamation 
resulting in a terrane composed of both exotic and Laurentian fragments. Sedimentary 
processes would likely have an effect on detrital signature as well. Prior to accretion in 
western North America, terrane separates and is dispersed as fragments along the continental 
margin. Model two depicting depositional processes leading to Laurentian and exotic detritus 
being preserved as the Yellow Aster Complex. Yellow arrows indicating sedimentation are 
schematic. 
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turbidite-contourite systems could possibly account for sediment transport as well, but dense 
minerals, like zircon, might be expected to drop out through the water column proximal to the 
source. Rainbird et al. (1992) suggested that Neoproterozoic fluvial systems, influenced by 
the Grenville orogeny, drained eastern Laurentia to the northwest, but this system only 
transported Laurentian derived sediments. During the early Paleozoic, eastern regions of the 
continent (e.g. Appalachian Mountains) had little sediment input on western Laurentia, and 
most fluvial systems that were flowing westward across Laurentia transported sediment 
derived from the craton’s interior (Gehrels et al. 2011). The Neoproterozoic and early 
Paleozoic strata that were deposited along the Laurentian continental margins contain only 
detrital zircon populations reflective of nearby Precambrian provenances (Colpron and 
Nelson, 2011). Modeling of northeasterly trade winds by Parrish and Peterson (1988) suggest 
a mechanism for transporting sediment from eastern regions, but eolian influences in the 
western United States are not recognized until the Pennsylvanian and earliest Permian 
(Gehrels et al. 2011). The lack of detrital zircons from the North American magmatic gap in 
Paleozoic strata throughout the interior of the continent suggests that paleo-fluvial and –eolian 
systems were not present or sufficient to transport exotic material across Laurentia from 
Baltica to the Yellow Aster terrane vicinity. In addition, parts of the Yellow Aster Complex 
contain coarse, clastic grains which are unlikely to be far travelled.  
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Future Work 
 The Yellow Aster Complex still has many unconstrained geologic events. Further field 
work and U-Pb zircon geochronology will help answer many of the questions surrounding the 
evolution of the terrane. Acquisition of Hf and U-Pb zircon data will help refine zircon 
provenances (e.g. Anfinson et al. 2012; Beranek et al. 2012). Suggested lithologic units for 
future zircon analyses from the Yellow Aster Butte area include: quartzo-feldspathic 
paragneiss, K-feldspar granite, and leucocratic intrusions. New zircon data from these rocks 
will help constrain the timing of deposition, magmatism, and metamorphism, and may add 
further support for correlation between field sites. More work is required to describe the 
terrane’s pre-Devonian component, which may have similarities to early Paleozoic parts of 
the Alexander terrane. Analysis of the paragneiss from the YA-3 outcrop could clarify if 
zircons within the intrusion are truly magmatic. Finally, the meaning of a peri-Laurentian 
provenance signature from Black Mountain remains unclear and additional fieldwork and 
geochronology analyses in that area could help explain why Laurentian and Baltic detrital 
zircon signatures are present in the Yellow Aster Complex.  
 Future workers should consider the significance of Devonian-age detrital zircons in 
the Yellow Aster Complex. The paragneisses from the Schriebers Meadow area contain 
zircon ages similar to those found in the Mathieson Channel Formation and Icefield 
assemblage (see Beranek et al. 2012) of the Alexander terrane and might share similar 
depositional histories. In addition, attention to Devonian-age zircons may help resolve 
paleogeographical disputes for migrating exotic terranes.  
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This thesis suggests a broad correlation between the Yellow Aster Complex with parts 
of the Alexander terrane which are roughly separated by 800 km. Although the distance might 
seem too great to support a correlation, displaced fragments should be expected given the 
amount of translation the western margin has experienced during Meso- and Cenozoic time.   
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Conclusions 
1) The Yellow Aster Complex consists of pre-Devonian and Devonian metamorphic 
lithologies with the following interpreted protoliths and depositional environments:  
Quartzose calc-silicate paragneiss – calcareous siliciclastic; shallow marine 
Quartzo-feldspathic paragneiss – immature quartz-feldspar sands; shallow marine 
Pyroxene calc-silicate – calcareous siliciclastic; shallow marine 
Marble – carbonate; shallow marine 
Quartzite – quartz sands; shallow marine 
2) Detrital zircon populations suggest multiple sources derived from recycled material 
and first-generation sediment. Parts of the Yellow Aster Complex have a peri-Laurentian 
origin (sample YA-2; Brown et al. 2010) while other units (samples EAH-39 and YA-5) have 
an exotic affinity resembling the Early Devonian Karheen Formation of the Alexander 
terrane.  
3) Detrital zircon populations in part of the Yellow Aster Complex indicate that Early to 
Middle Devonian magmatism was present in the source areas, and combined with previous 
work (e.g. Brown et al. 2010) show a span from approximately 418-386 Ma and overlap with 
Turtleback Complex ages. 
4) Igneous ages suggest that Yellow Aster Complex magmatism began in the Late 
Silurian-Early Devonian and continued throughout the Devonian.  
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5) Deformation and metamorphic events took place prior to 418 Ma (D1-M1; Brown et al. 
2010) and after 386 Ma (D2-M2/M3) as indicated by the presence of Late Silurian to Middle 
Devonian intrusions and a Middle Devonian maximum depositional age (EAH-11).   
6) The geology of the Yellow Aster Complex has similarities to parts of the Alexander 
terrane. Meta-siliciclastic and -carbonate deposits observed around Yellow Aster Butte may 
correlate to the Mathieson Channel Formation and correspond to the timing of the Klakas 
orogeny documented in the Alexander terrane. The timing of Yellow Aster Complex 
magmatism is similar to that in the mid-Paleozoic Alexander arc. This thesis favors that parts 
of the Yellow Aster Complex originated with the Alexander terrane, likely in the proximity of 
Baltica.  
7) The Yellow Aster Complex is inferred to represent either amalgamated terranes of 
Laurentian and Baltic affinity or a basin, with an associated magmatic arc, that received 
sediment from Laurentian and Baltic sources. 
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APPENDIX A1: Sample inventory. 
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APPENDIX B1: Locality map for samples collected near Schriebers Meadow. 
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APPENDIX B2: Locality map for samples collected near Yellow Aster Butte. 
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APPENDIX C1: U-Pb zircon geochronology data. 
Notes: 
Ages in italics were excluded from the weighted mean calculation based on concordance percentages. 
Uncertainties for individual analyses are reported at the 2-sigma level, and include only measurement 
errors. 
U concentration and U/Th are calibrated relative to Sri Lanka zircon standards and are accurate to 
~20%. 
Common Pb correction is from measured 204Pb.  
Common Pb composition assigned uncertainties of 1.0 for 206Pb/204Pb; 0.3 for 207Pb/204Pb, and 2.0 
for 208Pb/204Pb. 
U/Pb and 206Pb/207Pb fractionation is calibrated relative to fragments of a large Sir Lanka zircon of 
563.5 3.2 Ma (2-sigma). 
U decay constants and composition as follows: 238U = 9.8485 x 10-10, 235U = 1.55125 x 10-10, 
238U/235U = 137.88 
Best age is 206Pb/238U age for <1000 Ma grains and 206Pb/207Pb age for >1000 Ma older grains. 
NA = Not Available  
Sample YA-5: analysis conducted using a 30% discordance filter is indicated by red script. 
 
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ±
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
EAH-03
SA03-4 336 78299 3.2 18.4767 2.8 0.4470 2.9 0.0599 0.7 0.23 375.0 2.4 375.2 9.0 376.1 62.7 375.0 2.4
SA03-7 628 108236 5.6 18.0573 1.4 0.4626 2.8 0.0606 2.3 0.85 379.2 8.6 386.1 8.9 427.5 32.3 379.2 8.6
SA03-15 228 43748 2.5 18.0301 2.9 0.4707 3.3 0.0615 1.4 0.43 385.0 5.3 391.7 10.6 430.9 65.7 385.0 5.3
SA03-5 201 112633 3.7 17.8585 3.8 0.4781 4.7 0.0619 2.9 0.61 387.3 10.8 396.8 15.6 452.2 83.7 387.3 10.8
SA03-26 250 53516 3.2 18.3524 2.6 0.4673 2.8 0.0622 1.0 0.35 389.0 3.8 389.3 9.1 391.3 58.8 389.0 3.8
SA03-27 365 74887 7.9 17.9538 1.7 0.4796 2.0 0.0625 1.1 0.53 390.5 4.0 397.8 6.7 440.4 38.2 390.5 4.0
SA03-17 493 140739 4.3 17.7299 1.9 0.4876 2.3 0.0627 1.3 0.56 392.0 5.0 403.2 7.7 468.2 42.4 392.0 5.0
SA03-12 357 90185 3.0 18.1082 2.5 0.4795 2.9 0.0630 1.6 0.55 393.7 6.1 397.7 9.7 421.3 55.2 393.7 6.1
SA03-19 175 37494 2.6 17.7883 4.0 0.4963 4.8 0.0640 2.6 0.55 400.1 10.2 409.2 16.2 460.9 89.0 400.1 10.2
SA03-23 393 146550 5.6 17.6906 1.9 0.4993 2.4 0.0641 1.5 0.62 400.3 5.9 411.3 8.3 473.1 42.4 400.3 5.9
SA03-9 410 83881 3.5 18.1780 1.2 0.4876 2.4 0.0643 2.1 0.88 401.6 8.4 403.3 8.1 412.7 25.8 401.6 8.4
SA03-21 360 62048 4.4 17.8570 2.1 0.4974 6.3 0.0644 5.9 0.94 402.5 23.2 410.0 21.2 452.4 46.0 402.5 23.2
SA03-1 401 74977 2.9 18.3704 2.3 0.4849 2.5 0.0646 1.1 0.45 403.6 4.5 401.4 8.4 389.1 50.7 403.6 4.5
SA03-11 117 17052 2.6 17.7781 7.4 0.5078 7.7 0.0655 2.0 0.26 408.9 7.8 417.0 26.3 462.2 164.6 408.9 7.8
SA03-3 365 74396 4.0 16.5054 2.0 0.5594 2.8 0.0670 2.0 0.72 417.9 8.2 451.2 10.3 624.6 42.4 417.9 8.2
SA03-16 347 122555 4.4 15.7397 1.6 0.7180 4.2 0.0820 3.9 0.92 507.8 18.9 549.5 17.8 726.1 34.2 507.8 18.9
SA03-24 341 58442 2.3 13.4216 1.8 0.8974 9.2 0.0874 9.1 0.98 539.9 46.9 650.4 44.4 1055.2 36.6 539.9 46.9
SA03-14 359 70415 4.9 14.7651 1.3 0.8173 7.0 0.0875 6.9 0.98 540.9 36.0 606.5 32.2 860.2 26.5 540.9 36.0
SA03-13 380 240709 6.7 13.1062 3.1 0.9624 6.6 0.0915 5.8 0.88 564.3 31.3 684.5 32.7 1103.0 62.4 564.3 31.3
SA03-28 138 35700 2.7 13.2658 1.3 1.6766 2.6 0.1613 2.3 0.87 964.1 20.6 999.7 16.8 1078.7 26.0 1078.7 26.0
SA03-22 117 48249 0.5 13.2129 2.4 1.6303 9.4 0.1562 9.0 0.97 935.8 78.8 982.0 58.9 1086.7 47.5 1086.7 47.5
SA03-10 148 139743 2.8 13.0169 1.1 1.8544 2.2 0.1751 1.9 0.86 1040.0 18.1 1065.0 14.4 1116.6 21.9 1116.6 21.9
SA03-20 466 194094 1.3 11.2626 1.0 2.8273 3.9 0.2309 3.7 0.96 1339.5 45.1 1362.8 29.0 1399.6 19.5 1399.6 19.5
SA03-18 406 283641 1.8 10.8811 0.7 2.6365 2.4 0.2081 2.4 0.96 1218.5 26.2 1310.9 18.0 1465.4 12.6 1465.4 12.6
SA03-30 148 94871 1.9 9.5520 0.5 3.6932 4.9 0.2559 4.9 0.99 1468.6 64.3 1569.9 39.3 1708.9 9.2 1708.9 9.2
SA03-29 189 291729 2.0 5.1694 0.5 10.8674 1.3 0.4074 1.2 0.91 2203.2 22.0 2511.8 12.0 2771.7 8.6 2771.7 8.6
Isotope ratios Apparent ages (Ma)
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Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ±
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
EAH-10b
10b-53 1098 40381 1.4 18.2424 0.8 0.4137 2.0 0.0547 1.8 0.92 343.5 6.1 351.5 5.9 404.8 17.1 343.5 6.1
10b-26 3244 493711 1.9 18.1830 0.2 0.4237 1.2 0.0559 1.2 0.98 350.5 4.1 358.7 3.7 412.1 5.1 350.5 4.1
10b-15 40 202 0.4 14.1879 6.4 0.5925 7.4 0.0610 3.8 0.51 381.5 14.1 472.5 28.1 942.4 131.2 381.5 14.1
10b-57 1027 35315 9.2 17.8919 1.5 0.4771 4.2 0.0619 3.9 0.93 387.2 14.7 396.1 13.8 448.0 33.7 387.2 14.7
10b-33 290 60293 5.8 18.4300 1.5 0.4767 4.2 0.0637 3.9 0.93 398.2 15.2 395.8 13.9 381.8 34.0 398.2 15.2
10b-67 641 84184 5.6 18.1683 1.0 0.4869 3.5 0.0642 3.4 0.96 400.9 13.2 402.8 11.8 413.9 21.7 400.9 13.2
10b-63 235 32112 5.9 17.6633 5.2 0.5009 5.5 0.0642 1.7 0.31 400.9 6.5 412.3 18.5 476.5 115.2 400.9 6.5
10b-62 161 34812 17.0 17.7980 4.9 0.4994 5.5 0.0645 2.5 0.45 402.7 9.6 411.3 18.5 459.8 108.4 402.7 9.6
10b-16 202 39336 77.1 17.8838 2.6 0.4973 2.7 0.0645 0.7 0.26 402.9 2.8 409.8 9.2 449.0 58.7 402.9 2.8
10b-32 1066 597983 5.0 18.1275 1.2 0.4908 3.1 0.0645 2.8 0.92 403.1 11.0 405.5 10.2 418.9 26.2 403.1 11.0
10b-48 356 134957 1.4 18.3181 1.3 0.4862 1.8 0.0646 1.2 0.70 403.5 4.8 402.3 5.8 395.5 28.2 403.5 4.8
10b-59 233 35650 3.7 18.4292 2.5 0.4835 3.2 0.0646 2.0 0.64 403.7 8.0 400.5 10.6 381.9 55.2 403.7 8.0
10b-50 478 57201 2.3 18.3600 1.0 0.4856 1.3 0.0647 0.8 0.63 403.9 3.3 401.9 4.4 390.4 23.2 403.9 3.3
10b-64 297 46538 3.2 18.1677 2.7 0.4910 2.9 0.0647 1.1 0.39 404.1 4.4 405.6 9.6 413.9 59.3 404.1 4.4
10b-13 288 65174 2.6 17.8945 2.1 0.4994 2.4 0.0648 1.1 0.46 404.8 4.2 411.3 8.0 447.7 46.9 404.8 4.2
10b-36 956 147585 3.6 18.2698 1.0 0.4897 2.9 0.0649 2.7 0.94 405.3 10.5 404.7 9.5 401.4 22.1 405.3 10.5
10b-55 324 44705 3.1 18.2004 1.9 0.4916 2.5 0.0649 1.7 0.66 405.3 6.6 406.0 8.5 409.9 42.6 405.3 6.6
10b-28 272 32771 2.7 18.3870 3.0 0.4870 3.2 0.0649 1.1 0.35 405.6 4.4 402.9 10.8 387.1 68.1 405.6 4.4
10B-5 380 58521 2.1 18.4380 2.1 0.4857 2.3 0.0650 0.8 0.37 405.7 3.3 402.0 7.6 380.8 48.0 405.7 3.3
10b-22 755 173336 3.2 18.2567 1.0 0.4908 2.0 0.0650 1.7 0.86 405.9 6.8 405.5 6.7 403.0 22.8 405.9 6.8
10b-18 206 39996 2.4 18.2773 4.1 0.4903 5.2 0.0650 3.2 0.62 405.9 12.7 405.1 17.3 400.5 91.0 405.9 12.7
10b-60 943 221774 4.5 18.1463 0.8 0.4943 1.3 0.0651 1.0 0.80 406.3 4.0 407.8 4.3 416.6 17.0 406.3 4.0
10b-61 257 39583 4.9 18.6977 2.0 0.4798 2.5 0.0651 1.5 0.61 406.4 6.0 398.0 8.2 349.3 44.7 406.4 6.0
10b-34 560 136724 3.0 18.1593 1.0 0.4943 1.5 0.0651 1.2 0.78 406.5 4.7 407.8 5.1 415.0 21.6 406.5 4.7
10b-35 586 98242 2.4 18.0627 1.2 0.4970 1.9 0.0651 1.5 0.79 406.6 5.9 409.7 6.4 426.9 25.9 406.6 5.9
10b-56 543 129081 3.4 18.2307 1.1 0.4928 1.3 0.0652 0.6 0.47 406.9 2.4 406.8 4.3 406.2 25.6 406.9 2.4
10b-27 340 70334 1.9 18.2459 2.8 0.4929 3.1 0.0652 1.3 0.43 407.3 5.3 406.9 10.5 404.3 63.1 407.3 5.3
10b-20 300 87011 2.8 18.1016 2.1 0.4970 2.4 0.0653 1.2 0.51 407.5 4.9 409.7 8.3 422.1 47.1 407.5 4.9
10b-40 581 154004 1.2 18.1168 0.7 0.4966 1.7 0.0653 1.5 0.91 407.5 6.1 409.4 5.7 420.2 16.0 407.5 6.1
10b-69 352 90579 2.6 18.1002 2.8 0.4979 3.3 0.0654 1.8 0.54 408.1 7.0 410.3 11.1 422.3 61.8 408.1 7.0
10b-51 740 134992 2.1 18.2214 1.2 0.4954 1.8 0.0655 1.3 0.73 408.8 5.1 408.6 6.0 407.3 27.2 408.8 5.1
10b-6 303 37894 7.5 18.3913 1.8 0.4911 2.1 0.0655 1.1 0.52 409.0 4.4 405.6 7.1 386.5 40.8 409.0 4.4
10b-45 403 62613 17.3 18.3766 2.0 0.4915 2.3 0.0655 1.1 0.48 409.0 4.3 405.9 7.6 388.3 45.0 409.0 4.3
10b-30 334 83430 32.5 18.1608 2.0 0.4974 2.2 0.0655 1.0 0.46 409.1 4.0 409.9 7.4 414.8 43.7 409.1 4.0
10b-29 544 140103 2.8 18.1773 1.5 0.4971 1.6 0.0655 0.5 0.34 409.2 2.1 409.7 5.3 412.8 33.0 409.2 2.1
10b-19 291 95792 1.4 18.5170 3.0 0.4880 3.2 0.0655 0.9 0.29 409.2 3.6 403.5 10.5 371.2 68.2 409.2 3.6
10b-54 241 59187 2.0 18.6268 3.0 0.4852 3.4 0.0655 1.5 0.45 409.2 6.1 401.6 11.3 357.9 68.7 409.2 6.1
10b-42 420 58953 3.2 18.4250 1.8 0.4920 2.0 0.0657 0.8 0.40 410.4 3.2 406.2 6.7 382.4 41.5 410.4 3.2
10b-70 340 48300 2.1 17.9942 2.1 0.5038 2.4 0.0657 1.1 0.46 410.5 4.3 414.3 8.1 435.3 47.1 410.5 4.3
10b-14 367 109406 2.9 18.3182 1.6 0.4950 2.0 0.0658 1.2 0.61 410.6 4.9 408.3 6.8 395.5 35.8 410.6 4.9
10b-31 447 75038 2.7 18.1898 1.4 0.4986 3.5 0.0658 3.2 0.91 410.7 12.7 410.8 11.8 411.2 31.7 410.7 12.7
10b-7 403 194812 2.1 18.4381 1.3 0.4928 1.8 0.0659 1.2 0.67 411.4 4.8 406.8 6.0 380.8 30.0 411.4 4.8
10b-17 294 71539 67.8 18.5565 3.7 0.4901 4.0 0.0660 1.5 0.38 411.7 6.0 404.9 13.4 366.4 83.6 411.7 6.0
10b-24 306 101172 5.3 17.9664 3.3 0.5069 3.7 0.0661 1.5 0.42 412.3 6.1 416.4 12.5 438.8 74.2 412.3 6.1
10b-41 295 65633 1.6 18.4383 3.4 0.4956 4.0 0.0663 2.1 0.52 413.7 8.4 408.7 13.5 380.8 77.0 413.7 8.4
10b-37 346 46832 2.9 18.0327 2.2 0.5069 2.8 0.0663 1.7 0.62 413.8 6.8 416.3 9.4 430.6 48.3 413.8 6.8
10b-11 259 49803 2.5 18.4174 2.4 0.4964 2.9 0.0663 1.7 0.58 413.9 6.7 409.3 9.7 383.4 53.1 413.9 6.7
10b-23 286 37064 4.9 18.2519 2.1 0.5010 2.6 0.0663 1.5 0.59 413.9 6.0 412.4 8.7 403.6 46.7 413.9 6.0
Isotope ratios Apparent ages (Ma)
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Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ±
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
EAH-10B (continued)
10b-39 339 44451 2.4 18.2253 2.2 0.5022 2.6 0.0664 1.3 0.51 414.3 5.3 413.2 8.8 406.9 49.8 414.3 5.3
10b-58 374 61246 16.4 17.9059 0.9 0.5115 13.2 0.0664 13.2 1.00 414.6 52.9 419.5 45.4 446.3 20.2 414.6 52.9
10b-46 234 31648 3.5 18.1844 2.4 0.5046 2.7 0.0666 1.2 0.46 415.3 4.9 414.8 9.2 411.9 53.6 415.3 4.9
10b-66 237 53141 23.5 18.4450 3.2 0.4977 3.6 0.0666 1.6 0.44 415.6 6.3 410.2 12.0 380.0 71.9 415.6 6.3
10b-10 263 38109 1.7 18.3289 3.6 0.5011 3.9 0.0666 1.6 0.41 415.7 6.3 412.4 13.2 394.2 79.8 415.7 6.3
10b-65 305 100841 3.3 18.0498 2.2 0.5088 2.3 0.0666 0.8 0.35 415.7 3.3 417.7 8.0 428.5 48.7 415.7 3.3
Isotope ratios Apparent ages (Ma)
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Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ±
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
EAH-11
Sample 11-19 2932 46269 2.4 18.2896 0.8 0.3422 3.3 0.0454 3.2 0.97 286.2 8.9 298.8 8.5 399.0 18.2 286.2 8.9
Sample 11-22 2967 73526 2.1 18.3961 0.3 0.3465 2.7 0.0462 2.7 1.00 291.3 7.7 302.1 7.1 385.9 5.7 291.3 7.7
Sample 11-31 2883 38496 8.1 18.2703 0.3 0.3865 1.3 0.0512 1.2 0.97 322.0 3.9 331.8 3.6 401.3 7.1 322.0 3.9
Sample 11-73 999 98210 4.0 18.2566 0.6 0.4045 2.1 0.0536 2.0 0.95 336.4 6.5 344.9 6.1 403.0 14.6 336.4 6.5
Sample 11-46 2001 226053 2.2 18.2065 0.3 0.4192 3.9 0.0554 3.9 1.00 347.3 13.3 355.5 11.8 409.2 7.7 347.3 13.3
Sample 11-15 3866 249077 6.7 18.2160 0.2 0.4196 1.9 0.0554 1.9 0.99 347.8 6.3 355.7 5.6 408.0 5.4 347.8 6.3
Sample 11-56 2121 223910 1.4 18.3910 0.7 0.4310 1.8 0.0575 1.6 0.92 360.3 5.7 363.9 5.4 386.6 15.3 360.3 5.7
Sample 11-84 578 99237 12.9 18.1099 1.1 0.4589 3.2 0.0603 3.0 0.94 377.3 11.1 383.5 10.2 421.1 24.2 377.3 11.1
Sample 11-93 408 155298 24.8 18.0576 1.7 0.4640 2.8 0.0608 2.2 0.80 380.3 8.1 387.0 8.9 427.5 37.0 380.3 8.1
Sample 11-58 1301 309733 1.8 18.2373 0.6 0.4644 7.2 0.0614 7.2 1.00 384.3 26.8 387.3 23.2 405.4 13.8 384.3 26.8
Sample 11-75 1583 373507 2.9 18.2222 0.7 0.4650 1.2 0.0615 1.0 0.81 384.5 3.8 387.7 4.0 407.2 16.1 384.5 3.8
Sample 11-54 2045 298806 2.3 18.2289 0.5 0.4666 0.8 0.0617 0.6 0.80 385.9 2.3 388.8 2.5 406.4 10.4 385.9 2.3
Sample 11-65 868 56067 48.9 18.1438 1.7 0.4699 5.5 0.0618 5.2 0.95 386.8 19.7 391.1 17.9 416.9 38.5 386.8 19.7
Sample 11-26 2472 98282 21.8 18.1367 0.5 0.4712 1.2 0.0620 1.1 0.92 387.6 4.0 392.0 3.8 417.8 10.3 387.6 4.0
Sample 11-53 63 15369 15.7 18.1158 10.0 0.4729 11.5 0.0621 5.6 0.49 388.6 21.3 393.2 37.5 420.3 224.1 388.6 21.3
Sample 11-78 186 28657 1.5 17.5173 3.5 0.4892 4.0 0.0621 1.9 0.47 388.7 7.1 404.4 13.2 494.9 76.9 388.7 7.1
Sample 11-91 173 19964 0.4 18.5429 2.6 0.4663 3.0 0.0627 1.4 0.47 392.1 5.3 388.6 9.6 368.1 59.3 392.1 5.3
Sample 11-95 681 200718 16.1 18.1813 1.0 0.4760 1.8 0.0628 1.5 0.84 392.4 5.9 395.3 6.0 412.3 22.3 392.4 5.9
Sample 11-60 246 37079 0.5 18.7657 2.9 0.4633 3.6 0.0631 2.2 0.60 394.2 8.3 386.6 11.7 341.1 65.9 394.2 8.3
Sample 11-20 101 17916 2.2 18.6564 4.8 0.4677 5.4 0.0633 2.6 0.48 395.6 10.0 389.6 17.6 354.3 108.1 395.6 10.0
Sample 11-34 1277 470999 4.4 18.1781 0.4 0.4804 2.0 0.0633 2.0 0.98 395.9 7.5 398.4 6.6 412.7 10.0 395.9 7.5
Sample 11-74 115 22295 0.8 18.4477 5.9 0.4735 6.1 0.0634 1.7 0.27 396.0 6.4 393.6 20.0 379.6 132.5 396.0 6.4
Sample 11-90 275 61604 23.6 18.0674 2.3 0.4835 2.6 0.0634 1.1 0.43 396.0 4.3 400.5 8.5 426.3 51.9 396.0 4.3
Sample 11-32 361 31613 3.6 18.0563 2.0 0.4839 2.3 0.0634 1.2 0.52 396.1 4.6 400.7 7.7 427.7 44.6 396.1 4.6
Sample 11-82 312 39826 1.6 18.4314 3.0 0.4743 3.7 0.0634 2.0 0.56 396.3 7.8 394.1 11.9 381.6 68.1 396.3 7.8
Sample 11-42 207 26208 1.9 18.1352 4.2 0.4822 4.3 0.0634 1.3 0.29 396.4 4.9 399.6 14.4 417.9 92.8 396.4 4.9
Sample 11-88 587 110931 47.6 17.9983 1.0 0.4860 1.6 0.0634 1.3 0.79 396.5 4.9 402.2 5.4 434.8 22.0 396.5 4.9
Sample 11-44 648 105893 4.1 18.2222 1.0 0.4806 1.5 0.0635 1.1 0.73 397.0 4.1 398.5 4.8 407.2 22.2 397.0 4.1
Sample 11-2 267 55957 0.6 18.3809 2.5 0.4766 2.8 0.0635 1.3 0.45 397.1 4.9 395.7 9.2 387.8 56.3 397.1 4.9
Sample 11-94 1414 279618 2.2 18.2483 0.5 0.4811 0.7 0.0637 0.5 0.70 398.0 1.8 398.8 2.2 404.0 10.5 398.0 1.8
Sample 11-33 438 53832 1.4 17.8889 2.7 0.4925 3.5 0.0639 2.2 0.62 399.3 8.5 406.6 11.8 448.4 61.1 399.3 8.5
Sample 11-30 1140 209532 2.7 18.2277 0.6 0.4844 1.2 0.0640 1.1 0.88 400.1 4.2 401.1 4.1 406.6 13.1 400.1 4.2
Sample 11-52 1375 266152 3.4 18.2151 0.6 0.4854 2.9 0.0641 2.9 0.98 400.6 11.1 401.7 9.7 408.1 12.5 400.6 11.1
Sample 11-38 221 56832 0.6 18.4686 2.9 0.4790 3.3 0.0642 1.6 0.48 400.9 6.2 397.4 10.9 377.1 65.4 400.9 6.2
Sample 11-61 678 163293 30.5 18.0336 1.1 0.4907 1.4 0.0642 0.9 0.63 401.0 3.6 405.4 4.8 430.5 24.9 401.0 3.6
Sample 11-86 122 37684 1.4 18.5452 5.4 0.4773 5.6 0.0642 1.5 0.26 401.1 5.7 396.2 18.4 367.8 122.4 401.1 5.7
Sample 11-76 377 61831 0.7 18.3630 0.9 0.4823 1.6 0.0642 1.3 0.83 401.3 5.2 399.6 5.3 390.0 20.1 401.3 5.2
Sample 11-80 839 100179 3.5 18.2861 1.0 0.4856 3.1 0.0644 2.9 0.94 402.4 11.3 401.9 10.2 399.4 22.4 402.4 11.3
Sample 11-71 696 102221 170.7 17.8978 0.8 0.4965 1.9 0.0645 1.7 0.90 402.7 6.7 409.4 6.4 447.3 18.3 402.7 6.7
Sample 11-13 689 156454 78.5 17.9289 1.3 0.4957 2.8 0.0645 2.4 0.88 402.7 9.4 408.8 9.3 443.4 29.3 402.7 9.4
Sample 11-59 810 11016 1.9 17.9669 1.9 0.4949 2.3 0.0645 1.2 0.55 402.9 4.9 408.3 7.7 438.7 42.8 402.9 4.9
Sample 11-45 217 58095 1.5 17.9933 2.4 0.4944 2.6 0.0645 0.8 0.32 403.1 3.2 407.9 8.7 435.5 54.5 403.1 3.2
Sample 11-35 482 23038 1.3 18.2978 1.2 0.4864 1.2 0.0646 0.4 0.35 403.2 1.7 402.5 4.1 398.0 26.1 403.2 1.7
Sample 11-64 705 38561 2.3 18.1484 0.9 0.4905 1.4 0.0646 1.1 0.76 403.3 4.1 405.3 4.6 416.3 20.1 403.3 4.1
Sample 11-36 139 37305 1.3 18.2306 4.6 0.4887 5.1 0.0646 2.2 0.42 403.6 8.4 404.0 17.1 406.2 104.0 403.6 8.4
Sample 11-79 457 59394 7.0 17.8949 3.8 0.4982 4.1 0.0647 1.7 0.40 403.9 6.5 410.5 14.0 447.7 84.2 403.9 6.5
Sample 11-48 251 37502 3.7 18.2196 2.9 0.4894 3.0 0.0647 0.8 0.28 403.9 3.3 404.5 10.0 407.6 64.7 403.9 3.3
Sample 11-63 148 15901 1.9 17.8242 3.4 0.5017 3.8 0.0649 1.7 0.44 405.1 6.6 412.8 12.8 456.5 75.4 405.1 6.6
Sample 11-39 510 104837 1.2 18.2746 1.3 0.4895 1.8 0.0649 1.2 0.69 405.2 4.8 404.6 6.0 400.8 29.0 405.2 4.8
Sample 11-57 601 89441 40.9 18.2877 0.6 0.4894 4.6 0.0649 4.6 0.99 405.4 18.1 404.5 15.5 399.2 12.5 405.4 18.1
Isotope ratios Apparent ages (Ma)
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Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ±
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
EAH-11 (continued)
Sample 11-81 876 234302 2.5 18.2648 1.0 0.4907 1.4 0.0650 1.0 0.71 406.0 4.0 405.4 4.7 402.0 22.2 406.0 4.0
Sample 11-83 644 96575 2.1 18.2581 0.6 0.4911 4.5 0.0650 4.5 0.99 406.2 17.5 405.7 15.0 402.8 14.0 406.2 17.5
Sample 11-25 441 76386 58.8 18.0920 1.1 0.4964 2.0 0.0651 1.7 0.84 406.7 6.5 409.2 6.6 423.3 23.9 406.7 6.5
Sample 11-41 277 425882 23.8 17.9101 1.3 0.5016 1.6 0.0652 0.9 0.57 406.9 3.7 412.8 5.5 445.8 29.9 406.9 3.7
Sample 11-28 194 82260 6.4 18.1942 3.7 0.4948 4.3 0.0653 2.1 0.50 407.8 8.4 408.2 14.3 410.7 82.4 407.8 8.4
Sample 11-1 547 83251 1.1 18.1133 0.9 0.4971 1.5 0.0653 1.1 0.77 407.8 4.5 409.8 5.0 420.6 20.8 407.8 4.5
Sample 11-66 801 233149 1.6 18.1453 0.6 0.4968 2.0 0.0654 1.9 0.95 408.3 7.5 409.5 6.7 416.7 14.1 408.3 7.5
Sample 11-40 1055 270313 3.2 18.2746 0.7 0.4934 1.0 0.0654 0.7 0.71 408.3 2.7 407.2 3.2 400.8 15.0 408.3 2.7
Sample 11-49 1068 157678 3.0 18.2031 0.5 0.4960 1.1 0.0655 1.0 0.90 408.9 3.9 409.0 3.7 409.6 10.9 408.9 3.9
Sample 11-14 768 222201 2.3 18.2117 0.9 0.4968 1.1 0.0656 0.7 0.60 409.7 2.6 409.5 3.7 408.5 19.4 409.7 2.6
Sample 11-11 272 51681 7.0 18.1464 2.2 0.4987 2.4 0.0656 1.0 0.40 409.8 3.8 410.8 8.2 416.6 49.7 409.8 3.8
Sample 11-50 778 92898 29.3 18.0759 1.3 0.5022 2.5 0.0658 2.1 0.85 411.0 8.4 413.2 8.4 425.3 29.2 411.0 8.4
Sample 11-3 368 86204 1.7 18.3625 2.0 0.4960 2.4 0.0661 1.3 0.53 412.4 5.0 409.0 7.9 390.0 44.7 412.4 5.0
Sample 11-9 198 59074 0.9 18.1946 3.1 0.5007 3.4 0.0661 1.4 0.42 412.4 5.7 412.2 11.6 410.6 69.8 412.4 5.7
Sample 11-27 482 116759 18.6 18.1037 0.8 0.5033 1.2 0.0661 0.9 0.76 412.5 3.7 414.0 4.2 421.8 17.9 412.5 3.7
Sample 11-67 317 70157 1.2 17.7529 4.0 0.5136 4.3 0.0661 1.6 0.37 412.8 6.4 420.9 14.7 465.4 87.8 412.8 6.4
Sample 11-37 229 55390 1.9 18.3352 3.3 0.4991 3.6 0.0664 1.5 0.41 414.3 6.0 411.1 12.1 393.4 73.1 414.3 6.0
Sample 11-12 379 79901 15.7 18.0835 1.4 0.5065 1.8 0.0664 1.0 0.57 414.6 4.0 416.1 6.0 424.3 32.3 414.6 4.0
Sample 11-70 210 50809 0.7 18.2147 3.0 0.5031 4.5 0.0665 3.3 0.74 414.8 13.4 413.8 15.3 408.2 67.9 414.8 13.4
Sample 11-8 489 73842 20.7 18.1848 1.3 0.5040 1.9 0.0665 1.3 0.71 414.8 5.4 414.4 6.5 411.8 30.0 414.8 5.4
Sample 11-69 554 113852 1.9 18.3504 1.1 0.5005 1.2 0.0666 0.6 0.47 415.7 2.3 412.0 4.1 391.5 23.9 415.7 2.3
Sample 11-29 1097 182197 2.4 18.2111 0.6 0.5053 1.9 0.0667 1.8 0.95 416.5 7.2 415.3 6.4 408.6 13.3 416.5 7.2
Sample 11-6 734 95514 3.2 18.0138 1.1 0.5110 1.5 0.0668 1.0 0.67 416.6 4.1 419.1 5.2 432.9 25.1 416.6 4.1
Sample 11-5 719 118784 6.1 18.0169 0.6 0.5145 2.1 0.0672 2.0 0.96 419.4 8.1 421.5 7.1 432.5 12.3 419.4 8.1
Sample 11-10 138 40239 1.6 18.0626 3.5 0.5137 4.9 0.0673 3.3 0.69 419.9 13.6 421.0 16.7 426.9 78.5 419.9 13.6
Sample 11-43 302 32616 6.6 14.6590 4.2 0.6341 8.4 0.0674 7.3 0.86 420.6 29.5 498.7 33.1 875.2 87.6 420.6 29.5
Sample 11-16 304 61565 27.0 18.2535 1.7 0.5095 2.4 0.0675 1.7 0.70 420.8 6.9 418.1 8.3 403.4 38.5 420.8 6.9
Sample 11-55 205 42702 10.5 18.3977 2.8 0.5107 4.0 0.0681 2.9 0.73 424.9 12.1 418.9 13.8 385.8 62.2 424.9 12.1
Sample 11-4 213 18094 20.0 17.5595 4.9 0.5446 5.6 0.0694 2.8 0.50 432.3 11.8 441.4 20.1 489.6 107.3 432.3 11.8
Sample 11-92 333 71841 6.4 15.6626 11.4 0.6349 12.1 0.0721 3.9 0.32 448.9 17.0 499.1 47.6 736.6 242.2 448.9 17.0
Sample 11-21 254 63901 1.1 16.8179 1.7 0.7819 3.5 0.0954 3.1 0.88 587.2 17.3 586.6 15.7 584.0 36.9 587.2 17.3
Sample 11-87 201 133351 4.2 13.7635 0.9 1.5837 2.9 0.1581 2.7 0.95 946.2 24.2 963.8 18.0 1004.4 18.3 1004.4 18.3
Sample 11-72 446 192129 1.9 13.6008 0.9 1.7054 6.9 0.1682 6.9 0.99 1002.3 63.9 1010.6 44.5 1028.4 17.9 1028.4 17.9
Sample 11-62 30 19337 2.1 13.0523 8.1 1.7454 9.3 0.1652 4.7 0.50 985.7 42.5 1025.5 60.4 1111.2 162.1 1111.2 162.1
Sample 11-47 96 60247 1.5 11.8763 2.3 1.9813 5.5 0.1707 4.9 0.90 1015.8 46.2 1109.2 36.8 1297.2 45.6 1297.2 45.6
Sample 11-18 306 40079 2.4 11.7050 1.1 2.0836 2.8 0.1769 2.6 0.93 1049.9 25.0 1143.4 19.2 1325.4 20.5 1325.4 20.5
Sample 11-17 147 115311 1.8 10.2668 0.4 3.0330 6.9 0.2258 6.9 1.00 1312.7 82.0 1416.0 52.8 1574.9 7.8 1574.9 7.8
Sample 11-77 186 13338 0.9 9.2018 0.8 3.2900 3.7 0.2196 3.6 0.97 1279.6 41.4 1478.7 28.6 1777.3 15.4 1777.3 15.4
Sample 11-23 44 29215 1.9 9.0979 1.5 4.4169 9.4 0.2914 9.3 0.99 1648.8 134.7 1715.5 77.8 1798.0 27.2 1798.0 27.2
Isotope ratios Apparent ages (Ma)
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Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ±
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
EAH-34
34-14 355 18244 5.3 17.7701 2.8 0.5051 3.5 0.0651 2.0 0.57 406.5 7.8 415.1 11.8 463.2 62.9 406.5 7.8
34-10 1144 122273 1.9 18.0856 0.9 0.5135 6.2 0.0674 6.1 0.99 420.2 24.9 420.8 21.4 424.1 20.7 420.2 24.9
34-6 363 60881 3.1 15.6628 2.0 0.7726 5.6 0.0878 5.3 0.94 542.3 27.4 581.3 24.9 736.5 41.9 542.3 27.4
34-18 237 215759 6.2 14.0323 1.2 1.5576 1.8 0.1585 1.4 0.74 948.5 12.0 953.5 11.4 965.0 25.4 965.0 25.4
34-28 814 12970 16.5 13.5702 0.5 1.3972 2.4 0.1375 2.3 0.97 830.6 17.9 887.8 13.9 1033.0 11.0 1033.0 11.0
34-4 245 96504 3.3 13.2087 1.1 1.9538 3.0 0.1872 2.8 0.93 1106.0 28.3 1099.7 20.1 1087.3 21.9 1087.3 21.9
34-9 32 10305 1.6 13.0195 6.1 1.5635 8.3 0.1476 5.6 0.68 887.7 46.7 955.8 51.3 1116.2 121.1 1116.2 121.1
34-26 671 263896 3.9 12.9558 0.5 1.9762 6.0 0.1857 6.0 1.00 1098.0 60.4 1107.4 40.5 1126.0 10.2 1126.0 10.2
34-15 625 238064 6.0 12.8161 0.6 1.5000 2.3 0.1394 2.2 0.96 841.4 17.7 930.4 14.2 1147.5 12.9 1147.5 12.9
34-1 96 64662 1.6 12.3456 2.6 2.3212 3.4 0.2078 2.2 0.64 1217.3 24.4 1218.8 24.2 1221.4 51.3 1221.4 51.3
34-2 151 98929 1.9 12.2706 1.5 2.3494 3.2 0.2091 2.9 0.89 1223.9 32.2 1227.4 23.1 1233.4 28.9 1233.4 28.9
34-24 126 53886 2.8 10.5969 1.1 2.4272 4.4 0.1865 4.2 0.97 1102.6 42.9 1250.7 31.4 1515.5 20.5 1515.5 20.5
34-19 627 103906 3.7 9.9062 0.4 3.3449 1.2 0.2403 1.1 0.93 1388.3 13.7 1491.6 9.2 1641.6 7.8 1641.6 7.8
34-8 115 170730 1.5 9.7692 0.5 4.0572 1.9 0.2875 1.8 0.96 1628.8 25.6 1645.7 15.1 1667.4 9.6 1667.4 9.6
34-23 666 23609 3.4 9.5625 0.3 3.7660 3.4 0.2612 3.4 1.00 1495.9 44.8 1585.5 27.0 1706.8 4.9 1706.8 4.9
34-3 382 158210 2.1 9.3958 0.5 4.1576 7.7 0.2833 7.7 1.00 1608.0 109.9 1665.7 63.4 1739.1 9.3 1739.1 9.3
34-12 517 156123 5.8 9.3510 0.2 3.7382 1.9 0.2535 1.9 1.00 1456.6 24.8 1579.6 15.3 1747.9 3.0 1747.9 3.0
34-17 313 340291 4.1 5.9330 0.3 9.4705 1.6 0.4075 1.5 0.98 2203.6 28.9 2384.7 14.5 2543.3 5.2 2543.3 5.2
34-11 150 221786 1.8 5.0372 0.6 13.3562 2.8 0.4879 2.7 0.97 2561.8 56.8 2705.2 26.1 2814.1 10.4 2814.1 10.4
Isotope ratios Apparent ages (Ma)
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Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ±
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
EAH-39
39-83 765 31451 1.0 18.0575 1.1 0.5068 3.0 0.0664 2.8 0.93 414.3 11.1 416.3 10.1 427.5 23.9 414.3 11.1
39-3 594 13416 2.2 17.9427 1.4 0.5263 2.2 0.0685 1.7 0.76 427.1 6.9 429.4 7.7 441.7 32.3 427.1 6.9
39-57 199 32021 1.4 18.2188 3.9 0.5193 4.1 0.0686 1.1 0.28 427.8 4.6 424.7 14.1 407.7 87.3 427.8 4.6
39-42 360 73036 1.5 17.8718 1.0 0.5303 1.2 0.0687 0.6 0.53 428.5 2.6 432.0 4.2 450.5 22.6 428.5 2.6
39-35 122 39789 1.8 18.4187 4.5 0.5177 4.9 0.0692 1.9 0.40 431.1 8.0 423.6 16.9 383.2 100.6 431.1 8.0
39-73 960 126945 3.0 17.8710 0.5 0.5401 0.9 0.0700 0.7 0.78 436.2 2.8 438.5 3.1 450.6 11.9 436.2 2.8
39-40 481 249198 7.2 17.9707 1.0 0.5420 1.3 0.0706 0.8 0.60 440.0 3.3 439.8 4.6 438.3 22.8 440.0 3.3
39-84 324 78852 2.4 17.6650 1.7 0.5757 2.1 0.0738 1.3 0.61 458.8 5.6 461.7 7.7 476.3 36.6 458.8 5.6
39-53 109 41292 2.2 14.1449 2.5 1.5452 3.1 0.1585 1.8 0.59 948.6 16.1 948.6 19.1 948.7 51.1 948.7 51.1
39-77 138 89235 5.2 14.1132 1.5 1.5622 3.0 0.1599 2.6 0.87 956.3 23.2 955.4 18.5 953.3 29.7 953.3 29.7
39-70 176 94712 2.9 14.0661 1.5 1.5931 2.8 0.1625 2.3 0.83 970.8 20.8 967.5 17.2 960.1 31.2 960.1 31.2
39-7 1017 445821 5.8 14.0186 0.3 1.4766 1.5 0.1501 1.5 0.98 901.7 12.6 920.9 9.3 967.0 6.8 967.0 6.8
39-21 78 48468 1.6 13.6518 1.5 1.7480 3.1 0.1731 2.8 0.88 1029.0 26.3 1026.4 20.2 1020.9 29.7 1020.9 29.7
39-54 259 162163 1.4 13.6010 0.7 1.7321 2.6 0.1709 2.5 0.96 1016.9 23.8 1020.5 16.9 1028.4 14.2 1028.4 14.2
39-17 149 57477 1.7 13.5264 1.0 1.6910 5.8 0.1659 5.8 0.99 989.5 52.9 1005.2 37.3 1039.5 19.3 1039.5 19.3
39-43 104 43452 3.6 13.4559 1.2 1.7259 1.7 0.1684 1.2 0.69 1003.5 10.8 1018.2 10.8 1050.1 24.5 1050.1 24.5
39-71 164 228012 1.9 13.4310 1.0 1.8423 1.3 0.1795 0.9 0.70 1064.0 9.2 1060.7 8.9 1053.8 19.4 1053.8 19.4
39-81 96 57260 2.3 13.3704 2.2 1.7867 2.8 0.1733 1.8 0.62 1030.1 16.8 1040.6 18.6 1062.9 45.0 1062.9 45.0
39-68 135 62535 2.3 13.3215 1.3 1.6819 3.7 0.1625 3.5 0.94 970.6 31.4 1001.7 23.7 1070.3 26.4 1070.3 26.4
39-67 41 26360 1.3 13.2117 5.0 1.8639 5.2 0.1786 1.3 0.26 1059.3 13.1 1068.4 34.5 1086.9 101.2 1086.9 101.2
39-74 470 164715 1.9 13.2073 0.5 1.8768 2.1 0.1798 2.1 0.97 1065.7 20.5 1072.9 14.2 1087.5 9.8 1087.5 9.8
39-66 122 28490 2.9 13.1772 2.7 1.6279 4.4 0.1556 3.5 0.79 932.1 30.3 981.0 27.9 1092.1 54.9 1092.1 54.9
39-14 38 10186 1.1 13.1404 3.8 1.8004 4.3 0.1716 2.0 0.46 1020.8 18.7 1045.6 28.2 1097.8 76.9 1097.8 76.9
39-90 51 22134 0.8 13.0247 4.4 1.8914 4.8 0.1787 1.9 0.40 1059.7 18.6 1078.1 31.8 1115.4 87.7 1115.4 87.7
39-28 742 50547 3.1 12.9988 0.6 1.7133 1.7 0.1615 1.6 0.93 965.2 14.5 1013.5 11.1 1119.4 12.5 1119.4 12.5
39-51 188 65720 1.8 12.9804 1.0 1.9952 4.4 0.1878 4.2 0.97 1109.6 43.3 1113.9 29.5 1122.2 20.3 1122.2 20.3
39-12 210 83770 2.0 12.9387 0.8 2.0182 1.6 0.1894 1.4 0.85 1118.1 14.0 1121.7 10.9 1128.6 16.9 1128.6 16.9
39-65 100 73559 2.6 12.9143 1.4 2.0358 3.1 0.1907 2.7 0.89 1125.0 28.1 1127.5 21.0 1132.4 28.5 1132.4 28.5
39-80 198 215200 2.4 12.8594 0.9 2.0272 1.8 0.1891 1.5 0.86 1116.3 15.5 1124.7 11.9 1140.8 17.5 1140.8 17.5
39-50 31 13839 1.8 12.8062 4.2 2.1701 5.2 0.2016 3.0 0.58 1183.7 32.7 1171.5 36.0 1149.1 83.5 1149.1 83.5
39-58 136 45897 2.1 12.7362 2.2 2.1424 2.5 0.1979 1.1 0.45 1164.0 12.2 1162.6 17.5 1160.0 44.6 1160.0 44.6
39-82 54 33843 2.7 12.6822 2.6 2.0550 2.8 0.1890 1.0 0.35 1116.0 9.9 1134.0 18.9 1168.4 51.3 1168.4 51.3
39-86 196 89332 3.0 12.2649 0.4 2.3247 1.8 0.2068 1.8 0.97 1211.7 19.5 1219.9 12.9 1234.3 8.1 1234.3 8.1
39-18 166 108865 2.1 12.2324 1.0 2.3152 2.5 0.2054 2.3 0.92 1204.2 25.3 1216.9 17.7 1239.5 19.0 1239.5 19.0
39-89 892 423501 3.0 12.1804 0.3 2.3236 0.8 0.2053 0.8 0.94 1203.5 8.3 1219.5 5.7 1247.9 5.3 1247.9 5.3
39-56 120 48298 2.0 11.9512 0.9 2.0396 4.2 0.1768 4.1 0.98 1049.4 39.6 1128.8 28.4 1285.0 16.8 1285.0 16.8
39-38 154 129489 1.8 11.8716 1.3 2.1730 1.9 0.1871 1.3 0.72 1105.6 13.7 1172.5 13.0 1298.0 25.3 1298.0 25.3
39-29 129 35775 2.0 11.4488 5.6 2.3674 6.3 0.1966 2.9 0.45 1156.9 30.3 1232.8 45.2 1368.1 108.8 1368.1 108.8
39-78 258 177574 2.5 11.1690 0.5 2.9012 3.8 0.2350 3.8 0.99 1360.7 46.6 1382.2 29.0 1415.6 9.7 1415.6 9.7
39-48 23 10169 1.4 11.0392 3.4 2.7196 6.8 0.2177 5.9 0.86 1269.9 67.6 1333.8 50.5 1437.9 65.4 1437.9 65.4
39-63 181 253644 1.7 11.0007 0.5 3.0057 2.0 0.2398 1.9 0.97 1385.7 24.3 1409.1 15.3 1444.6 9.0 1444.6 9.0
39-52 260 142120 2.2 10.9769 0.5 2.8628 1.8 0.2279 1.7 0.97 1323.5 20.3 1372.2 13.2 1448.7 8.7 1448.7 8.7
39-41 280 149771 2.4 10.9058 0.6 2.9783 2.8 0.2356 2.7 0.98 1363.6 33.3 1402.1 21.1 1461.0 11.3 1461.0 11.3
39-32 148 110354 1.8 10.8364 0.6 3.0106 1.7 0.2366 1.6 0.93 1369.1 20.1 1410.3 13.3 1473.2 11.8 1473.2 11.8
39-24 189 179679 1.8 10.7634 0.5 3.1877 3.2 0.2488 3.1 0.99 1432.5 40.2 1454.2 24.5 1486.0 9.7 1486.0 9.7
39-22 90 64101 2.0 10.7183 1.3 3.1863 2.7 0.2477 2.4 0.88 1426.5 30.7 1453.8 21.2 1493.9 25.0 1493.9 25.0
39-87 222 213829 1.8 10.6715 0.6 3.2925 1.9 0.2548 1.8 0.95 1463.4 23.4 1479.3 14.7 1502.2 11.3 1502.2 11.3
39-61 356 28887 2.0 10.3678 2.7 2.7995 5.1 0.2105 4.3 0.84 1231.5 47.9 1355.4 38.0 1556.6 51.4 1556.6 51.4
39-5 32 18249 1.2 10.3262 2.9 3.2480 6.9 0.2433 6.3 0.91 1403.6 79.4 1468.7 53.8 1564.1 54.0 1564.1 54.0
39-45 79 57648 0.9 10.1928 1.3 3.6987 2.0 0.2734 1.4 0.74 1558.2 20.0 1571.1 15.7 1588.5 24.7 1588.5 24.7
Isotope ratios Apparent ages (Ma)
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Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ±
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
39-11 587 656263 8.9 10.1585 0.3 3.5411 1.2 0.2609 1.2 0.97 1494.4 15.4 1536.5 9.4 1594.8 5.4 1594.8 5.4
39-9 594 540610 1.0 10.1477 0.3 3.1167 0.7 0.2294 0.6 0.88 1331.3 7.7 1436.8 5.6 1596.7 6.4 1596.7 6.4
39-76 73 29574 0.8 10.1384 1.3 3.6435 3.6 0.2679 3.4 0.94 1530.2 46.1 1559.1 28.8 1598.5 23.9 1598.5 23.9
39-36 88 58323 1.4 10.1248 1.1 3.7775 2.3 0.2774 2.0 0.88 1578.2 28.3 1588.0 18.4 1601.0 20.4 1601.0 20.4
39-10 158 80489 1.2 10.0791 0.8 3.7674 2.0 0.2754 1.9 0.91 1568.2 26.1 1585.8 16.4 1609.4 15.4 1609.4 15.4
39-37 42 22400 0.9 10.0097 1.8 3.6825 3.1 0.2673 2.5 0.80 1527.3 33.5 1567.6 24.5 1622.3 34.2 1622.3 34.2
39-100 251 308395 0.4 9.9531 0.5 3.9736 1.4 0.2868 1.4 0.94 1625.7 19.5 1628.8 11.6 1632.8 8.8 1632.8 8.8
39-23 87 134092 1.0 9.9068 1.1 3.8376 1.6 0.2757 1.1 0.70 1569.8 15.2 1600.7 12.6 1641.5 20.6 1641.5 20.6
39-79 37 51435 1.4 9.8994 2.2 4.0527 2.5 0.2910 1.2 0.49 1646.4 17.8 1644.8 20.4 1642.9 40.6 1642.9 40.6
39-49 118 145698 1.2 9.8853 0.5 3.8890 1.1 0.2788 0.9 0.87 1585.4 13.1 1611.4 8.6 1645.5 9.6 1645.5 9.6
39-99 253 34691 1.1 9.8827 2.3 3.6045 5.4 0.2584 4.8 0.90 1481.4 64.2 1550.5 42.8 1646.0 43.6 1646.0 43.6
39-75 125 123231 0.8 9.8664 0.5 3.9318 3.8 0.2814 3.8 0.99 1598.2 53.8 1620.2 31.1 1649.0 10.1 1649.0 10.1
39-98 150 79830 1.0 9.8586 1.1 4.0613 2.0 0.2904 1.6 0.84 1643.5 23.9 1646.6 16.0 1650.5 20.0 1650.5 20.0
39-97 413 256841 1.1 9.8537 0.3 3.9415 1.4 0.2817 1.4 0.98 1599.8 19.3 1622.3 11.3 1651.4 5.2 1651.4 5.2
39-16 121 86114 1.8 9.8500 0.7 3.8762 1.6 0.2769 1.4 0.90 1575.8 19.8 1608.7 12.7 1652.1 12.4 1652.1 12.4
39-55 246 387432 2.1 9.8330 0.2 4.0210 0.9 0.2868 0.9 0.98 1625.3 13.1 1638.5 7.6 1655.3 3.4 1655.3 3.4
39-95 110 116314 1.4 9.8293 1.1 3.6285 5.7 0.2587 5.6 0.98 1483.0 74.3 1555.8 45.5 1656.0 20.5 1656.0 20.5
39-26 132 40483 2.1 9.7929 1.3 2.8834 10.8 0.2048 10.7 0.99 1201.0 117.8 1377.6 81.8 1662.9 24.1 1662.9 24.1
39-19 78 26754 0.9 9.7336 0.9 3.9864 3.1 0.2814 3.0 0.96 1598.5 42.1 1631.4 25.2 1674.1 16.2 1674.1 16.2
39-93 611 382534 4.6 9.5105 0.2 3.8773 2.2 0.2674 2.2 1.00 1527.8 30.3 1609.0 18.1 1716.9 4.1 1716.9 4.1
39-25 705 629663 1.9 9.4722 0.2 4.0623 1.0 0.2791 1.0 0.97 1586.7 13.7 1646.8 8.2 1724.3 4.3 1724.3 4.3
39-33 146 142972 2.4 9.3773 0.6 4.4649 2.7 0.3037 2.6 0.97 1709.4 38.9 1724.5 22.1 1742.7 11.3 1742.7 11.3
39-44 276 305225 2.5 9.3493 0.3 4.1980 1.4 0.2847 1.4 0.98 1614.8 19.5 1673.6 11.4 1748.2 5.0 1748.2 5.0
39-59 385 158392 1.9 9.1544 0.3 4.1358 2.5 0.2746 2.5 0.99 1564.1 34.7 1661.4 20.5 1786.7 5.1 1786.7 5.1
39-91 86 70125 4.4 8.8920 0.7 4.8915 3.4 0.3155 3.3 0.98 1767.5 51.0 1800.8 28.4 1839.5 12.1 1839.5 12.1
39-72 81 61137 1.4 8.8860 1.6 5.1211 5.7 0.3300 5.5 0.96 1838.6 87.4 1839.6 48.4 1840.8 29.3 1840.8 29.3
39-27 150 82092 2.7 8.7437 0.7 5.1756 2.2 0.3282 2.1 0.95 1829.7 34.0 1848.6 19.1 1869.9 12.4 1869.9 12.4
39-4 130 64939 1.3 8.5727 0.7 5.0893 5.5 0.3164 5.5 0.99 1772.3 85.0 1834.3 47.0 1905.5 13.2 1905.5 13.2
39-85 291 108989 2.7 8.5580 1.0 4.5967 10.1 0.2853 10.0 0.99 1618.0 143.5 1748.7 84.2 1908.6 18.8 1908.6 18.8
39-39 174 218072 1.3 8.3208 0.6 5.0941 4.9 0.3074 4.8 0.99 1728.0 73.5 1835.1 41.4 1958.9 10.0 1958.9 10.0
39-46 121 121812 1.0 8.2287 0.6 5.9000 1.4 0.3521 1.3 0.92 1944.7 22.2 1961.2 12.5 1978.7 10.0 1978.7 10.0
39-2 338 196004 2.7 8.1838 0.5 5.6531 2.0 0.3355 1.9 0.97 1865.2 30.6 1924.2 16.9 1988.5 9.0 1988.5 9.0
39-13 411 604111 0.6 7.7030 0.1 6.5136 0.9 0.3639 0.9 0.99 2000.6 16.0 2047.7 8.3 2095.5 2.5 2095.5 2.5
39-20 91 87561 1.9 6.4089 0.6 8.6578 1.7 0.4024 1.6 0.94 2180.2 29.8 2302.7 15.6 2413.1 10.3 2413.1 10.3
39-6 188 252942 1.2 5.7217 0.4 11.3734 2.8 0.4720 2.8 0.99 2492.2 57.4 2554.2 26.2 2603.9 6.5 2603.9 6.5
39-64 40 76343 0.5 5.3534 0.8 13.0439 2.7 0.5064 2.5 0.95 2641.4 54.9 2682.8 25.1 2714.2 13.7 2714.2 13.7
39-15 47 69235 1.4 5.3486 0.4 12.0375 2.3 0.4670 2.3 0.99 2470.2 47.5 2607.3 22.0 2715.6 6.2 2715.6 6.2
39-60 81 188577 1.3 5.2997 0.5 12.7367 4.4 0.4896 4.3 0.99 2568.8 91.8 2660.4 41.1 2730.8 7.7 2730.8 7.7
39-47 94 101303 1.9 5.2608 0.3 11.5845 4.6 0.4420 4.6 1.00 2359.6 91.1 2571.4 43.2 2742.9 5.4 2742.9 5.4
39-94 91 160850 1.2 5.1083 0.3 14.3018 1.2 0.5299 1.2 0.97 2740.9 26.6 2769.9 11.7 2791.2 5.1 2791.2 5.1
Isotope ratios Apparent ages (Ma)
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Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ±
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
YA-5
YA5-38 335 15948 6.9 17.8307 4.6 0.4488 5.4 0.0580 2.7 0.50 363.7 9.5 376.4 16.9 455.6 103.0 363.7 9.5
YA5-18 319 19548 2.1 18.5098 3.5 0.4470 4.2 0.0600 2.4 0.56 375.7 8.6 375.2 13.2 372.1 78.4 375.7 8.6
YA5-70 348 23025 11.8 14.6733 12.3 0.5715 18.2 0.0608 13.4 0.74 380.6 49.6 459.0 67.4 873.1 256.4 380.6 49.6
YA5-21 292 14519 5.8 18.0691 2.7 0.4646 3.5 0.0609 2.2 0.63 381.0 8.2 387.4 11.2 426.1 60.3 381.0 8.2
YA5-60 164 9474 15.8 18.8778 5.9 0.4452 6.4 0.0610 2.3 0.37 381.4 8.6 373.9 19.9 327.6 134.3 381.4 8.6
YA5-5 98 4980 3.5 19.7807 5.9 0.4332 6.7 0.0622 3.3 0.48 388.7 12.3 365.5 20.6 220.6 136.2 388.7 12.3
YA5-81 465 15061 58.2 17.6247 3.3 0.4886 5.3 0.0625 4.2 0.79 390.5 15.9 403.9 17.7 481.4 72.2 390.5 15.9
YA5-97 121 6354 3.2 19.9185 6.9 0.4364 7.1 0.0630 1.6 0.23 394.1 6.1 367.7 21.8 204.5 159.9 394.1 6.1
YA5-73 294 16844 11.3 17.7463 5.0 0.4902 5.3 0.0631 1.8 0.33 394.4 6.7 405.1 17.6 466.2 110.4 394.4 6.7
YA5-34 103 6818 3.0 17.2425 10.1 0.5051 10.3 0.0632 1.8 0.17 394.8 6.7 415.1 34.9 529.6 221.8 394.8 6.7
YA5-20 139 9986 3.7 18.8575 4.9 0.4646 5.2 0.0635 1.7 0.33 397.1 6.6 387.4 16.8 330.0 111.4 397.1 6.6
YA5-77 290 21879 2.7 18.8035 4.1 0.4673 4.3 0.0637 1.4 0.32 398.2 5.3 389.3 14.0 336.5 93.0 398.2 5.3
YA5-14 545 15273 5.1 18.4418 1.3 0.4783 2.5 0.0640 2.2 0.86 399.8 8.5 396.9 8.3 380.4 28.6 399.8 8.5
YA5-67 378 25337 11.6 14.9716 11.2 0.5906 16.5 0.0641 12.1 0.73 400.7 47.0 471.2 62.2 831.3 234.2 400.7 47.0
YA5-86 119 5608 7.0 18.1984 9.5 0.4906 11.2 0.0648 5.8 0.52 404.5 22.9 405.3 37.3 410.2 213.0 404.5 22.9
YA5-33 174 11618 3.0 17.8937 7.1 0.4998 8.1 0.0649 3.9 0.48 405.1 15.1 411.6 27.4 447.8 158.1 405.1 15.1
YA5-98 163 8259 4.8 19.1091 4.2 0.4681 6.0 0.0649 4.3 0.72 405.2 16.9 389.9 19.4 299.9 95.3 405.2 16.9
YA5-53 145 9535 2.6 18.7301 6.2 0.4786 6.3 0.0650 1.3 0.20 406.0 5.1 397.1 20.8 345.4 140.1 406.0 5.1
YA5-7 145 9782 2.3 17.7867 6.6 0.5047 6.9 0.0651 1.9 0.28 406.6 7.7 414.9 23.6 461.1 147.2 406.6 7.7
YA5-19 1605 35450 3.1 17.8646 0.4 0.5069 1.9 0.0657 1.9 0.97 410.0 7.4 416.3 6.6 451.4 9.9 410.0 7.4
YA5-92 164 7752 6.9 18.7784 5.6 0.4854 5.6 0.0661 0.6 0.11 412.7 2.4 401.8 18.6 339.6 126.4 412.7 2.4
YA5-80 657 28389 5.7 18.3409 2.7 0.4973 3.5 0.0661 2.2 0.64 412.9 8.9 409.9 11.7 392.7 59.7 412.9 8.9
YA5-72 542 31525 7.3 18.1604 1.7 0.5041 2.8 0.0664 2.2 0.79 414.4 8.9 414.5 9.5 414.8 37.7 414.4 8.9
YA5-42 281 13742 2.4 17.5331 3.1 0.5227 3.3 0.0665 1.1 0.34 414.8 4.6 426.9 11.5 492.9 68.5 414.8 4.6
YA5-67 572 32234 7.9 18.1315 1.2 0.5054 1.6 0.0665 1.1 0.65 414.8 4.3 415.4 5.6 418.4 27.7 414.8 4.3
YA5-39 105 5675 4.1 18.0342 5.7 0.5118 5.8 0.0669 1.0 0.17 417.7 4.0 419.7 20.0 430.4 128.2 417.7 4.0
YA5-69 499 27196 152.9 17.8978 2.6 0.5159 2.7 0.0670 0.6 0.24 417.8 2.6 422.4 9.4 447.3 58.4 417.8 2.6
YA5-12 102 7607 4.0 19.4365 7.5 0.4770 7.7 0.0672 1.7 0.22 419.5 7.0 396.0 25.3 261.0 173.0 419.5 7.0
YA5-47 230 12447 6.6 18.3605 2.3 0.5053 3.6 0.0673 2.8 0.77 419.8 11.4 415.3 12.4 390.3 52.3 419.8 11.4
YA5-27 410 35744 1.4 17.9145 1.7 0.5247 2.0 0.0682 1.1 0.57 425.2 4.7 428.3 7.0 445.2 36.9 425.2 4.7
YA5-56 159 8216 7.5 16.5319 5.4 0.5736 7.1 0.0688 4.6 0.65 428.8 19.2 460.4 26.4 621.1 117.1 428.8 19.2
YA5-87 899 41009 1.5 18.1300 1.3 0.5236 1.4 0.0688 0.7 0.45 429.2 2.7 427.5 5.1 418.6 28.9 429.2 2.7
YA5-2 1133 57723 1.6 17.8669 0.8 0.5376 1.5 0.0697 1.3 0.85 434.1 5.5 436.8 5.5 451.1 18.1 434.1 5.5
YA5-55 228 16075 4.2 16.6519 5.8 0.6211 5.9 0.0750 0.8 0.14 466.2 3.8 490.5 22.8 605.5 125.6 466.2 3.8
YA5-11 660 28076 5.5 12.0708 14.9 0.8857 17.9 0.0775 9.9 0.55 481.4 45.8 644.0 85.6 1265.5 293.2 481.4 45.8
YA5-90 354 22728 4.6 13.2170 6.2 0.8315 8.3 0.0797 5.5 0.66 494.4 26.0 614.4 38.1 1086.1 124.5 494.4 26.0
YA5-59 745 25503 3.5 15.6924 1.5 0.7018 1.8 0.0799 1.1 0.58 495.3 5.0 539.8 7.7 732.5 31.6 495.3 5.0
YA5-84 514 37652 4.4 14.6642 0.7 1.0389 2.4 0.1105 2.3 0.96 675.6 14.5 723.4 12.3 874.5 14.4 675.6 14.5
YA5-52 583 17380 3.3 13.8484 1.0 1.2094 3.9 0.1215 3.7 0.96 739.0 26.0 804.9 21.5 991.9 21.1 739.0 26.0
YA5-66 1128 25053 25.1 14.0263 0.6 1.2103 3.1 0.1231 3.0 0.98 748.5 21.5 805.3 17.2 965.9 11.5 748.5 21.5
YA5-32 185 18881 3.6 14.2615 2.2 1.2302 5.9 0.1272 5.5 0.93 772.1 40.1 814.4 33.3 931.9 45.7 772.1 40.1
YA5-54 103 10514 2.9 14.7827 3.9 1.2501 4.3 0.1340 1.8 0.41 810.8 13.4 823.4 24.0 857.7 80.5 810.8 13.4
YA5-68 191 22149 2.6 14.0403 3.1 1.5922 3.9 0.1621 2.3 0.58 968.6 20.3 967.2 24.0 963.8 63.9 963.8 63.9
YA5-31 423 12764 2.9 13.7651 1.1 1.3290 3.3 0.1327 3.1 0.94 803.1 23.2 858.4 18.9 1004.1 22.4 1004.1 22.4
YA5-62 241 24769 5.0 13.5291 1.6 1.4308 2.4 0.1404 1.7 0.73 846.9 13.9 901.9 14.3 1039.1 32.9 1039.1 32.9
YA5-57 228 27409 3.7 13.4844 1.8 1.5621 2.0 0.1528 1.0 0.47 916.5 8.2 955.3 12.7 1045.8 36.5 1045.8 36.5
YA5-28 286 37106 3.3 13.1033 1.0 1.7302 1.6 0.1644 1.3 0.80 981.3 11.7 1019.8 10.3 1103.4 19.1 1103.4 19.1
YA5-23 126 12888 2.3 12.8348 1.8 1.8464 2.2 0.1719 1.3 0.60 1022.4 12.6 1062.1 14.8 1144.6 35.9 1144.6 35.9
YA5-8 218 26451 4.8 12.2437 2.9 1.8670 5.9 0.1658 5.1 0.87 988.9 46.7 1069.5 38.8 1237.7 56.6 1237.7 56.6
Isotope ratios Apparent ages (Ma)
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Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ±
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
YA5-22 77 10527 2.5 12.2223 3.3 1.6751 4.7 0.1485 3.4 0.71 892.5 27.9 999.1 30.1 1241.1 65.4 1241.1 65.4
YA5-50 158 21566 1.9 11.9317 5.6 1.8021 7.5 0.1559 5.0 0.67 934.2 43.5 1046.2 49.0 1288.1 109.0 1288.1 109.0
YA5-44 126 23034 3.2 11.9217 1.5 2.5379 2.2 0.2194 1.6 0.72 1278.9 18.4 1283.0 16.0 1289.8 29.7 1289.8 29.7
YA5-43 127 30115 2.4 11.8911 1.8 2.4322 2.4 0.2098 1.5 0.65 1227.5 17.2 1252.2 17.0 1294.8 34.7 1294.8 34.7
YA5-17 275 52109 2.8 11.8615 1.2 2.1338 2.5 0.1836 2.2 0.88 1086.4 22.0 1159.8 17.3 1299.6 23.3 1299.6 23.3
YA5-40 245 29060 2.5 11.6843 0.8 1.9239 2.0 0.1630 1.8 0.91 973.6 16.7 1089.4 13.5 1328.8 15.8 1328.8 15.8
YA5-25 253 47029 2.2 11.4832 0.5 2.3917 3.9 0.1992 3.9 0.99 1171.0 41.7 1240.1 28.1 1362.3 9.9 1362.3 9.9
YA5-37 175 30018 2.1 11.0020 1.3 2.6711 1.8 0.2131 1.2 0.70 1245.5 14.1 1320.5 13.2 1444.3 24.3 1444.3 24.3
YA5-51 409 44130 1.8 10.9890 1.1 2.4671 2.4 0.1966 2.2 0.90 1157.2 22.9 1262.4 17.4 1446.6 20.2 1446.6 20.2
YA5-79 354 58330 4.6 10.9588 0.5 2.8169 1.3 0.2239 1.2 0.93 1302.4 14.4 1360.0 9.8 1451.8 9.3 1451.8 9.3
YA5-41 159 12242 1.5 10.6238 1.2 3.2041 1.5 0.2469 0.9 0.60 1422.3 11.6 1458.1 11.7 1510.7 22.7 1510.7 22.7
YA5-91 303 43946 1.5 10.3849 0.5 2.8744 2.2 0.2165 2.1 0.97 1263.3 24.5 1375.2 16.6 1553.5 10.2 1553.5 10.2
YA5-96 72 19482 1.4 10.2122 3.4 3.4349 6.4 0.2544 5.5 0.85 1461.2 71.5 1512.4 50.7 1584.9 63.6 1584.9 63.6
YA5-95 931 42133 9.5 10.1905 0.7 2.5775 3.2 0.1905 3.1 0.98 1124.1 32.2 1294.3 23.4 1588.9 12.5 1588.9 12.5
YA5-58 224 38188 2.4 10.1716 1.1 3.0562 1.6 0.2255 1.2 0.75 1310.7 14.3 1421.8 12.2 1592.3 19.6 1592.3 19.6
YA5-64 125 28247 1.2 10.1361 1.0 3.8637 2.1 0.2840 1.9 0.89 1611.7 26.6 1606.1 17.0 1598.9 18.3 1598.9 18.3
YA5-4 99 19531 1.7 10.0166 2.3 3.3595 2.7 0.2441 1.5 0.55 1407.8 19.1 1495.0 21.3 1621.0 42.3 1621.0 42.3
YA5-16 194 32482 1.0 9.9760 0.6 3.6429 0.7 0.2636 0.5 0.63 1508.1 6.1 1559.0 5.7 1628.5 10.3 1628.5 10.3
YA5-82 275 54316 2.3 9.9249 0.9 3.0533 1.9 0.2198 1.7 0.89 1280.7 19.7 1421.1 14.6 1638.1 16.0 1638.1 16.0
YA5-49 271 23390 0.8 9.2558 1.6 3.4791 1.8 0.2336 0.8 0.43 1353.1 9.4 1522.5 14.1 1766.6 29.4 1766.6 29.4
YA5-35 730 80767 3.1 9.2331 0.3 4.0917 1.0 0.2740 0.9 0.96 1561.1 12.7 1652.6 7.8 1771.1 5.2 1771.1 5.2
YA5-45 130 20567 2.0 8.8664 1.5 4.2109 1.6 0.2708 0.7 0.41 1544.8 9.2 1676.1 13.3 1844.8 26.6 1844.8 26.6
YA5-61 49 14322 1.3 8.8369 4.2 4.4244 7.7 0.2836 6.5 0.84 1609.3 92.5 1716.9 64.3 1850.8 76.5 1850.8 76.5
YA5-46 179 29492 2.8 8.7742 0.7 3.9735 1.5 0.2529 1.3 0.87 1453.2 16.6 1628.8 11.9 1863.6 13.1 1863.6 13.1
YA5-29 286 42958 3.3 8.6592 0.7 3.6559 1.7 0.2296 1.5 0.90 1332.4 18.0 1561.8 13.3 1887.4 13.3 1887.4 13.3
YA5-74 171 20824 2.6 8.5892 1.3 4.0858 2.1 0.2545 1.6 0.79 1461.8 21.5 1651.5 17.0 1902.0 22.9 1902.0 22.9
YA5-10 259 77788 1.9 6.0046 0.3 8.1785 1.7 0.3562 1.6 0.99 1964.0 27.6 2251.0 14.9 2523.1 4.7 2523.1 4.7
YA5-83 230 59407 2.5 5.3537 0.2 12.0347 1.2 0.4673 1.2 0.98 2471.7 24.6 2607.1 11.4 2714.1 3.7 2714.1 3.7
Isotope ratios Apparent ages (Ma)
YA-5 (continued)
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APPENDIX D: Cathodal-luminescence images of zircon grains. Numbers point to spot 
analyses and correspond to age data in Appendix C. Dark grains are titanite. Figure 
D1a: sample EAH-03 (Images 1-8).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
129 
 
Figure D1b: sample EAH-03 (Images 9-15).  
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Figure D2a: sample EAH-10b (Images 1-8).  
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Figure D2b: sample EAH-10b (Images 9-15).  
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Figure D3a: sample EAH-11 (Images 1-8).  
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Figure D3b: sample EAH-11(Images 9-16).  
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Figure D3c: sample EAH-11 (Images 17-24).  
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Figure D3d: sample EAH-11 (Images 25-30).  
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Figure D4a: sample EAH-34 (Images 1-10).  
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Figure D5a: sample EAH-39 (Images 1-8).  
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Figure D5b: sample EAH-39 (Images 9-15).  
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APPENDIX E1. Plotted U-Th ratios from sample EAH-11.  
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APPENDIX F1. P- and D-values from K-S testing. Karheen refers to the detrital zircon 
sample of (Grove et al. 2008; Karheen Formation, Alexander terrane).  
  
 
 
